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Preface 



The first edition of the Practical Handbook of Microbiology was published in 1989. Since that time, 
the field of microbiology has undergone many changes and has grown to encompass other disci- 
plines as well. New chapters have been added and a number of chapters from the first edition were 
dropped. Tables in the first edition that were outdated have been replaced by tables in the individual 
chapters. This edition also contains a new broad and concise survey table of selected eubacteria. 
Areas generally considered part of microbiology that were not covered or covered only briefly in the 
first edition are now included with comprehensive introductory chapters. 

This book was written to provide basic knowledge and practical information about working 
with microorganisms, in a clear and concise form. Although of use to anyone interested in the sub- 
ject matter, the book is intended to especially benefit two groups of microbiologists: people trained 
as microbiologists who are highly specialized in working with one specific area of microbiology; 
and people who have been trained in other disciplines and use microorganisms as simply another 
tool or chemical reagent. 

We hope our readers will share our enthusiasm for microbiology and find this book to be 
useful. 
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BACKGROUND 

The need for techniques to control the growth of microorganisms has been shaped by both cultural 
and scientific advances. From the days of early food preservation using fermentation of milk prod- 
ucts and smoking of meats to extend the shelf life of foods, practical needs have contributed to the 
development of these techniques. 

Formal development of clinical medical settings led to an awareness of the cause and effects of 
disease. These observations contributed to the techniques developed by Joseph Lister, Oliver Wen- 
dell Holmes, and Ignaz Semmelweis that prevented disease transmission between patients. 

Society continues to shape our needs today, with the rampant evolution of drug-resistant 
microbes, a high nosocomial-infection rate in patient-care facilities, and the development of explor- 
atory and permanently inserted medical devices. In addition, the threat of bioterrorism introduces 
the potential for the introduction of pathogenic microbes into both a type and breadth of environ- 
ment not considered in the past. 

Our requirements for sterilization, antisepsis, and sanitizing thus go beyond the historical needs 
of the research and clinical laboratories and commercial production requirements. This chapter not 
only reviews commonly used laboratory techniques, but also specifically addresses their limitation 
when used to reduce or eliminate bacteria on materials that were not originally designed to be steril- 
ized or disinfected. 

METHODS OF STERILIZATION 

Sterilization is the removal of all microbes, including endospores, and can be achieved by mechani- 
cal means, heat, chemicals, or radiation (Table 1.1). When using heat, it may be either dry heat or 
moist heat. Traditionally, moist heat under pressure is provided by autoclaving and dry heat by 
ovens (see Table 1.1). 

Disinfection is the process that eliminates most or all microorganisms, with the exception of 
endospores. Disinfectants can be further subcategorized as high-level disinfectants, which kill all 
microorganisms with the exception of large numbers of endospores with an exposure time of less 
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TABLE 1.1 

Routine Methods of Sterilization 1 



Method [Ref.] 


Temperature 


Dry heat [24] 


150-160°C 

302-320°F 


Dry heat [24] 


160-170°C 

320-338°F 


Dry heat [24] 


170-180°C 

338-356°F 


Moist heat 

Boiling — indirect [24] 
B oiling — direct 2 


135°C 

275°F 


Radiation — cobalt 60 3 [24] 


Ambient 


Radiation — cesium 1 37 3 [24] 
Electronic accelerators 4 
[24, 25] 

Ozone [26, 27] 


Ambient 



Pressure 


Time 


Radiation (Mrad) 




>3 h 






2-3 h 






1-2 h 




31.5 psig 


40 min 






1 hr 






2 min 






hours 


2-3 




hours 


2-3 




<1 sec 


2.5 


See cited 


See cited 




references 


references 





1 Steam under pressure (i.e., autoclave). 

2 Boiling point of liquids- e.g., cumene (isopropylbenzene) 152°C (306 °F). 

3 Dependent on curies in source. 

4 Electrostatic (Van de Graaff), electromagnetic (Linac ), direct current, pulsed transformer. 



than 45 min; intermediate-level disinfectants, which kill most microorganisms and viruses but not 
endospores; and low-level disinfectants, which kill most vegetative bacteria, some fungi, and some 
viruses with exposure times of less than 10 min [1], 

Antiseptics destroy or inhibit the growth of microorganisms in or on living tissues and can also 
be referred to as biocides [2], Disinfectants are used on inanimate objects and can be sporostatic but 
are not usually sporocidal [2], 

Steam sterilization or dry heat can be monitored by the use of biological indicators or by chemi- 
cal test strips that turn color upon having met satisfactory conditions. These indicators are widely 
available. Usually the spores of species of Geobacillus or Bacillus spp. are used in either a test strip 
or suspension, as these organisms are more difficult to kill than most organisms of clinical interest 
[3]. Growth of the spores in liquid media after the cycle of sterilization is complete indicates the 
load was not successfully sterilized. 

In the days following September 11, 2001, letters containing the spores and cells of Bacillus 
anthracis were mailed to several news media offices and to two U.S. senators. This introduced a 
pathogen into sites where the methods of safe handling or eradication of the pathogen were not in 
existence. A number of laboratories conducted experiments on the potential dispersal, detection, 
and eradication of organisms spread by such an event. 

For example, Lemieux et al. [4] conducted experiments with simulated building decontamina- 
tion residue (BDR) contaminated with 10 6 spores of Geobacillus sterothermophilus to simulate 
Bacillus anthracis contamination. 

A single cycle did not effectively decontaminate the BDR. Only autoclave cycles of 120 min at 
31.5 psig/275°F and 75 min at 45 psig/292°F effectively decontaminated the BDR. Two standard 
cycles at 40 min and 31.5 psig/275°F run in sequence were even more effective. The authors state 
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that the second cycle’s evacuation step probably pulled condensed water out of the pores of the 
materials, allowing better steam penetration. It was found that both the packing density and mate- 
rial type of the BDR significantly impacted the effectiveness of the decontamination process. 

Therefore, when standard laboratory methods are used for materials made of unusual substances 
and density, not normally used in a laboratory, the method of sterilization must be monitored and 
tailored independently of that substance. Standard laboratory methods based on different and lower 
autoclave packing levels and lower density materials may not be effective. 

Other common methods of sterilization include gases such as ozone, radiation, or less com- 
monly electronic accelerators (see Table 1.1). 

Solutions containing heat-labile components require a different approach. Filtration is generally 
the most accepted and easiest method. The FDA and industry consider 0.22-p filters sterilization 
grade based on logarithmic reductions of one of the smaller bacteria Brevundimonas diminuta [5]. 
Usually a delay of 48 hours (hr) is required for the colony development of Hr. diminuta before the 
colonies are large enough to be viewed for counting. Griffiths et al. [6] describe a Tn5 recombinant 
method in which organisms were cloned for bacterial bioluminescence (luxABCDE) and fluores- 
cence ( gfp ). These organisms were detected after only 24 hr of incubation by either fluorescence or 
bioluminescence. They state that this method may aid in preventing quality control backlogs during 
biter manufacturing processes. 

Filter integrity for sterilization is usually done by a bubble test to conhrm the pore size of the 
manufactured biter [5, 7]. The bubble point is based on the fact that liquid is held in the pores of the 
biter (usually membrane) by surface tension and capillary forces, and the bubble pressure detects 
the least amount of pressure than can displace the liquid out of the pores of the biter. 

While most solutions used in molecular biology and microbiology laboratories will be ade- 
quately sterilized with a 0.22-p biter, those for tissue culture might also need to remove potential 
mycoplasma contamination. A 0.1 -p biter should be used to remove mycoplasma from tissue-cul- 
ture solutions 1 8] (Table 1.2). 

The removal of contaminants from air may be necessary in the case of fermentation or drug 
manufacturing in chemical reactions requiring some form of gas. Various types of biters are avail- 
able for the removal of organisms from air. One such biter, as an example, the Aerex 2 (Millipore), 
can withstand 200 steam-in-place cycles at 293°F (145°C), resists hydraulic pressure at 4.1 bard 
(60 psid), and has the ability to retain all phages when challenged with the OX-174 bacteriophage 
at 29 nm in diameter and 10 7 to 10 10 bacteriophages per cartridge [9]. In this particular scenario, 
the operator must assess their needs for how critical the product sterility (i.e., drugs versus topical 
cosmetics) must be, as well as the ability of the product to withstand pressure, heat, bow-rate, and 
other parameters of the manufacturing process, and then choose a biter accordingly. 

In some cases, a biter is used to recover bacteria from dilute solutions of bacteria such as 
environmental water samples. The organism of signibcance whose retention on the biter is most 
important should determine the biter pore size. The smaller the biter pore size, the slower the 
sample bow rate and throughput. Standard methods debne an acceptable recovery rate for biter- 
recovery of bacteria as being 90% of the number of bacteria (colony-forming units, CFU) recovered 



TABLE 1.2 
Filter-Sterilization 



Size(p) Purpose 

0. 1 Mycoplasmal removal 

0.22 Routine bacterial removal 

0.45 Plate counts water samples 

>0.45 Removal of particulates, some bacteria, yeast, and filamentous fungi 




6 



Practical Handbook of Microbiology, Second Edition 



from the same sample by the spread plate method. In one study performed by Millipore, filtration 
with a 0.45-p pore-size filter provided 90% recovery of 12 microorganisms used, ranging in size 
from Br. diminuta to Candida albicans. In some cases, the use of the larger 0.45-p pore-size filter 
instead of the 0.22-p filter also increased the size of the colony, facilitating counting of the CFUs 
[10] (Table 1.2). 

It is important to note that all filter sterilization is relative. While a 0.22-p filter will remove 
most bacteria, it will not remove viruses, mycoplasma, prions, and other small contaminants. Every 
sample type and the level of permissible substances in the filtrate must be assessed on a case-by- 
case basis. For example, filter-sterilization of water or solutions used in atomic force microscopy 
might still allow enough small viruses and other particulates through to interfere with sample inter- 
pretation, and therefore ultra-pure water may be needed. 

DISINFECTANTS AND ANTISEPTICS 

The regulation of disinfectants and antiseptics falls under the jurisdiction of different agencies, 
depending on where the chemical will be used. In the United States, the EPA regulates disinfectants 
that are used on environmental surfaces (e.g., floors, laboratory surfaces, patient bathrooms), and the 
FDA regulates liquid high-level sterilants used on critical and semi-critical patient care devices. 

Labeling terminology can also be confusing, as the FDA uses the same terminology as the CDC 
[critical (sterilization), semi-critical (high and intermediate), and non-critical (low-level disinfec- 
tion)], while the EPA registers environmental disinfectants based on the claims of the manufacturer 
at the time of registration (i.e., EPA hospital disinfectant with tuberculocidal claim = CDC interme- 
diate level disinfectant) [11], In addition, the use of disinfectants varies globally. For example, sur- 
face disinfectants containing aldehydes or quaternary ammonium compounds are less often used in 
American, British, and Italian hospitals than in German ones [12], thus making it difficult to define 
overall “best methods or practices.” Whatever method is employed — mechanical, heat, chemi- 
cal, or radiation — a method of assessment must be in place to test the initial effectiveness of the 
method on either the organism of the highest level of resistance to the method or a surrogate; and a 
standard must be included to monitor the effectiveness of the method for its regular use by general 
staff. While these practices are common for daily runs of the autoclave, this is used less often when 
general low-level disinfection occurs on non-critical surfaces. Table 1.3 lists a number of commonly 
used disinfectants, along with some of the organisms against which they have activity. 

Disinfectants are often tested against cultures of the following bacteria: Pseudomonas aeru- 
ginosa, Staphylococcus aureus, Salmonella typhuimuium, Mycobacterium smegmatis, Pevotella 
intermeida, Streptococcus mutans, Actinobacillus actinomycetemcomiticans, Bacteriodies fragilis, 
and Escherichia coli [13]. One common approach is to use the broth dilution method, wherein a 
standard concentration of the organism is tested against increasing dilutions of the disinfectant. The 
minimum inhibitory concentration (MIC) of the organism is then determined. 

While there are many reports of liquid disinfectant activity against liquid cultures, biofilms of 
the aforementioned organisms have survived when the liquid culture of the same organism has been 
killed [13]. Therefore, biofilm disinfection must be evaluated separately. Better efficacy in biofilm 
prevention and removal has been demonstrated by the use anti-biofilm products compared to deter- 
gent disinfectants containing quaternary ammonium compounds [14]. 

One problem with most disinfectants and antiseptics is their short effective life span. Hospitals 
and laboratories today are challenged with multiple drug-resistant organisms that may be transmit- 
ted from surfaces. These surfaces may be routinely recontaminated by either new sample process- 
ing or patient/visitor/staff activity. A new agent, a combination of antimicrobial silver iodine and 
a surface-immobilized coating (polyhexamethylenebiguanide), Surfacine™ is both immediately 
active and has residual disinfectant activity [15]. Additionally, it can be used on animate or inani- 
mate objects. In tests on formica with vancomycin-resistant Enterococcus provided 100% effective 
on surface challenge levels of 100 CFU per square inch for 13 days [16]. Rutala and Weber [15] 
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TABLE 1.3 

Partial Listing of Some Useful Disinfectants 



Substance 


Concentration 


Time 


Types of Organisms 
Killed 


Ref. 


Inorganic hypochlorite 


6000 ppm 


5 min at 22°C 


Adenovirus 8 


[281 


(bleach) 


5000 ppm 


10 min at 23-27°C 


Bacteria, viruses, and 
fungi, hepatitis A and 
B, HSV-1 and 2 


[1] 




2000 ppm 


pH 7, 5°C, 102 min 
pH 7, 5°C, 68 min 


Bacillus anthracis 
Ames (spores) 2 
Bacillus anthracis 
Steme (spores) 2 


[291 

[301 




1000 ppm 


10 min at 20 ± 2°C 


Feline calicvirus 
(norovirus surrogate) 


[311 


Peracetic acid 


0.3% 




Sporocidal, 
bactericidal, 
viricidal, and 
fungicidal 


[2] 


Glutaraldehyde 


2.65% in hard water (380-420 
ppm calcium carbonate) 


5 minutes at 22°C 


Adenovirus 8 


[28] 


Ethyl Alcohol 


70% undiluted 


5 min at 22°C 


Disinfectant 


[28] 


Surfacine 


Manufacturer’s instructions 




VRE 


[15, 

16] 


R-82 (quaternary 
ammonium 
compound) 


856 ppm (1:256 dilution) 


10 min/20°C ± 2°C 


Feline calicvirus 
(norovirus 
surrogate) 


[31] 


Sterilox (superoxidized 
water) 


Chlorine (170 ppm and 640 
ppm) 




High-level 

disinfectant 


[28] 


Ozone disinfection of 
drinking water 


0.37 mg/liter 


Contact-time 5 min at 
5°C 


Noroviruses 


[26] 


Acidic sodium dodecyl 
sulfate 


1% SDS plus either 0.5% acetic 
acid and 50 mM glycine (pH 
3.7) or 0.2% peracetic acid 


30 min at 37°C 


Prions: specifically 
PrP Sc , see Ref. for 
details 


[32] 



1 Highest concentration given for use with most resistant organism tested. See cited reference for refined values for each 
organism. 

2 The authors observed log 10 inactivation of populations of spores, the inactivation increasing with contact time, but not 
sterilization. 



also state that the manufacturer’s test data demonstrated inactivation of bacteria, yeast, fungi, and 
viruses with inactivation time varying by organism. 

DISINFECTION OF HANDS 

One of the most important areas for infection control is the degerming and disinfection of the 
hands. Usually, mechanical methods such as scrubbing with a brush are most commonly used, but 
alternatively alcohol-based rubs are also used for hand disinfection. 

Widmer [17] states that compliance for handwashing is less than 41% and, additionally, under- 
staffing may further complicate the problem. In a survey of literature on handwashing by Widmer, 
the following compliance values were found: 
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• ICU (intensive care unit): 9-41% 

• Ward/ICU: 32-48% 

• Pediatric: 37% 

• Surgical ICU: 38% 

• All ICUs: 32% 

Handwashing includes wetting the hands and wrists with water, taking a dose of soap with 
the forearm or elbow, rubbing the hands and wrists with the soap for 10 to 15 seconds, rinsing the 
hands, and then drying the hands without rubbing. Additionally, the faucet is turned off while hold- 
ing the paper towel, so as not to recontaminate the hands [17]. 

Many authors now advocate waterless alcohol rubs. Kampf et al. [18] advocate a 1-minute hand- 
washing at the beginning of the day, a 10-minute drying time, and then a rub in alcohol-based hand 
disinfectant. Gupta et al. [19] compared an alcohol-based waterless and a water-based, alcohol-based, 
water-aided scrub solution against a brush-based iodine solution under conditions encountered in 
community hospital operating rooms. The brush-based iodine solution performed best on the first 
day of the study; but when colony-count reductions were studied between the three over the course 
of 5 days, no significant difference was found. The participants found the alcohol-based waterless 
solution the easiest of the three to use with the lowest complaints of skin irritation. Another reason 
to advocate non-abrasive hand sanitizing methods is the fact that brush-based systems can damage 
skin and cause microscopic cuts that can harbor microbes [19]. 

Cooper et al. [20] found that even small increases in the frequency of effective hand washes 
were enough to bring endemic nosocomial infective organisms under control in a computer model. 
Raboud et al. [21], using a Monte-Carlo simulation, determined factors that would reduce transmis- 
sion of nosocomial infection. The factors that were relevant included reducing the nursing patient 
load from 4.3 (day) and 6.8 (night) to 3.8 (day) and 5.7 (night), increasing the hand washing rates 
for visitors, and screening patients for methicillin-resistant Staphylococcus aureus (MRSA) upon 
admission. 

HAZARD ANALYSIS CRITICAL CONTROL POINT 
AND RISK ASSESSMENT METHODS 

Food-related industries have used Hazard Analysis Critical Control Point (HACCP) as a method 
to identify critical control points where lack of compliance or failure to meet standards are points 
where food-borne illness or contamination of a manufactured product may occur. 

The HACCP can be used to promote two positive outcomes. First, a well-designed HACCP can 
be used as a diagnostic tool to find points in a system where failure might occur. For example, if a 
certain floor disinfectant has a maximum disinfectant activity at 80°F, a critical control point on the 
HACCP would be that the temperature was measured and remained at that temperature throughout 
use. The second area of use is in education, where those using the disinfectant could be asked dur- 
ing regular and routine surveys if they were measuring and using the disinfectant at that tempera- 
ture. Meeting compliance standards by writing elegant in-house documents of required methods 
and actually monitoring that those standards are maintained by all staff, regardless of station, are 
two different goals — both of which have equal importance. 

The HACCP is a qualitative rather than a quantitative tool. Larson and Aiello [22] list the seven 
steps of HACCP as follows: 

1. Analyze the hazards. 

2. Identify the critical control points. 

3. Establish preventative measures with critical limits for each control point. 

4. Establish procedures to monitor the critical control points. 
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5. Establish corrective actions to be taken when monitoring shows that a critical limit has not 
been met. 

6. Establish procedures to verify the system is working properly. 

7. Establish effective record-keeping for documentation. 

When more quantitative measures are required, a microbial risk assessment model may be 
the method of choice. Larson and Aiello [22] use four categories of environmental site -associated 
contamination risks and need for contamination based on the work of Corvelo and Merkhoffer [23]. 
These include: 

1. Reservoirs (e.g., wet sites: humidifiers, ventilators, sinks) with a high probability (80 to 
100%) of significant contamination and an occasional risk of contamination 

2. Reservoir/disseminators (e.g., mops, sponges, cleaning materials) with a medium risk (24 
to 40%) of significant contamination and a constant risk of contamination transfer 

3. Hand and food contact surfaces (e.g., chopping boards, kitchen surfaces, cutlery, cooking 
utensils) with a medium risk (24 to 40%) of significant contamination and a constant risk 
of contamination transfer 

4. Other sites (e.g., environmental surfaces, curtains, floors) with a low risk (3 to 40%) of 
significant contamination and an occasional risk of contamination transfer 

Corvelo and Merkhoffer [23] use six criteria in the evaluation of a risk-assessment-based frame- 
work: (1) logical soundness, (2) completeness, (3) accuracy, (4) acceptability, (5) practicality, and 
(6) effectiveness. 

Whether a formal HACCP or risk-assessment or a site-specific method/process-specific model 
developed by the operator is used, a formal method of assessment of structure, appropriate use, 
compliance, education, and record-keeping is needed. The methods must be kept current with the 
practices of the laboratory, hospital, or manufacturing entity, and also with the evolution of resis- 
tance in microbes and introduction of new microbes into the environment. 

The tables in this chapter represent a selective starting point for choosing a method of steriliza- 
tion or disinfection. Many of the cited articles contain in-depth information and should be consulted 
for further details, as there are space limitations herein. New methods are also being developed on 
a daily basis. 



REFERENCES 

1. Rutula, W.A. and Weber, D.J. Uses of Inorganic Hypochlorite (Bleach) in Health-Care Facilities, Clin. 
Microbiolog. Rev., 10, 597, 1997. 

2. McDonnell, G. and Russell, A.D. Antiseptics and Disinfectants: Activity, Action, and Resistance, Clin. 
Microbiolog. Rev., 12, 147, 1999. 

3. Bond, W.W., Ott, B.J., Franke, K., and McCracken. J.E. Effective Use of Liquid Chemical Germicides 
on Medical Devices, Instrument Design Problems, in Disinfection, Sterilization and Preservation, 4th 
ed. Block, S.S., Ed., Lea and Febiger, Philadelphia, PA, 1991. 

4. Lemieux, P., Sieber, R„ Oasborne, A., and Woodard, A. Destruction of Spores on Building Decontami- 
nation Residue in a Commercial Autoclave, Appl. Environ. Microbiol., 72, 7687, 2006. 

5. Millipore, Personal Communication with Lisa Phillips, Millipore Technical Representative, 2006. 

6. Griffiths, M.H., Andrew, P.W., Ball, P.R., and Hall, G. Rapid Methods for Testing the Efficacy of Ster- 
ilization-Grade Filter Membranes, Appl. Environ. Microbiol., 66, 3432, 2000. 

7. Millipore Technical Reference xitxspl21p24, 
http://www.millipore.com/userguides.nsf/docs/xitxspl21p24?open&lang=en 

8. Millipore Technical Reference tn039, 
http://www.millipore.com/publications.nsf/docs/tn039 

9. Millipore Technical Reference pfl080en00, 
http://www.millipore.com/publications.nsf/docs/pfl080en00 




10 



Practical Handbook of Microbiology, Second Edition 



10. Millipore Technical Reference QA13, 
http://www.millipore.com/publications.nsf/docs/QA13 

11. MMWR. Regulatory Framework for Disinfectants and Sterilants. Appendix A. 52 62, 2003. 

12. Vitali, M. and Agolini, G. Prevention of Infection Spreading By Cleaning and Disinfecting: Different 
Approaches and Difficulties in Communicating, Am. J. Infect. Control, 34, 49, 2006. 

13. Vieira, C.D., de Macedo Farias, Galuppo Diniz, C., Alvarez-Leite. M„ L., da Silva Camargo, E., and 
Auxiliadora Roque de Carvalho, M. New Methods in the Evaluation of Chemical Disinfectants Use in 
Health Care Services, Am. J. Infect. Control, 33, 162, 2005. 

14. Marion, K., Freny, J., Bergeron, E., Renaud, F.N., and Costerton, J.W. Using an Efficient Biofilm 
Detaching Agent: An Essential Step for the Improvement of Endoscope Reprocessing Protocols, J. 
Hosp. Infect., 62, 136, 2007. 

15. Rutula, W.A. and Weber, D.I. New Disinfection and Sterilization Methods, Emerg. Infect. Dis., 7, 348, 

2001 . 

16. Rutula, W. A., Gergen, M.F., and Weber, D.I. Evaluation of a New Surface Germicide (Surfacine™) with 
Antimicrobial Persistence, Infect. Control Hosp. Epidemiol., 21, 103, 2000. 

17. Widmer, A.F. Replace Hand Washing with the Use of a Waterless Alcohol Rub?, Clin. Infect. Dis., 31, 
136, 2000. 

18. Kampf, G., Kramer, A., Rotter, M., and Widmer, A. Optimizing Surgical Hand Disinfection, Zentralbl. 
Chir., 131, 322, 2006. 

19. Gupta, C., Czubatyj, A.M., Briski, L.E., and Malani, A.K. Comparison of Two Alcohol-Based Surgical 
Scrub Solutions with an Iodine-Based Scrub Brush for Presurgical Antiseptic Effectiveness in a Com- 
munity Hospital, J. Hosp. Infection, 65(1), 65, 2007. 

20. Cooper, B.S., Medlye, G.F., and Scott, G.M. Preliminary Analysis of the Transmission Dynamics of 
Nosocomial Infections: Stochastic and Management Effects, J. Hosp. Infect., 43, 131, 1999. 

21. Raboud, I., Saskin, R., Sior, A., Loeb, M., Green, K., Low, D.E., and McGeer, A. Modeling Transmis- 
sion of Methicillin-Resistant Staphylococcus aureus among Patients Admitted to a Hospital, Infect. 
Control Hosp. Epidemiol., 26, 607, 2005. 

22. Larson, E. and Aiello, E. Systematic Risk Assessment Methods for the Infection Control Professional, 
Am. J. Infect. Control, 34, 323, 2006. 

23. Covello, V. and Merkhoffer, M. Risk Assessment Methods: Approaches for Assessing Health and Envi- 
ronmental Risks, Plenum Press, New York, 1993. 

24. Gaughran, E.R.I. and Borick, PR. Sterilization, Disinfection, and Antisepsis, in Practical Handbook of 
Microbiology. O’Leary, W., CRC Press, Boca Raton, FL, 1989, p. 297. 

25. Helfinstine S.L.. Vargas-Aburto, C., Uribe, R.M., and Woolverton, C.I. Inactivation of Bacillus Endo- 
spores in Envelopes by Electron Beam Irradiation, Appl. Environ. Microbiol., 71, 7029, 2005. 

26. Shin, G.-A. and Sobsey, M.D. Reduction of Norwalk Virus, Poliovirus 1, and Bacteriophage MS2 by 
Ozone Disinfection of Water, Appl. Environ. Microbiol., 69, 3975, 2003. 

27. Finch, G.R., Black, E.K., Labatiuk, C.W., Gyurek, L.. and Belosevic, M. Comparison of Giardia lam- 
blia and Giardia muris Cyst Inactivation by Ozone, Appl. Environ. Microbiol., 59, 3674, 1993. 

28. Rutula, W.A., Peacock, J.E., Gergen, M.F., Sobsey, M.D., and Weber, D.I. Efficacy of Hospital Germi- 
cides against Adenovirus 8, a Common Cause of Epidemic Keratoconjunctivitis in Health Care Facili- 
ties, Antimicrob. Agents Chemother., 50, 1419, 2006. 

29. Rose, L.I., Rice, E.W., Jensen, B., Murga, R, Peterson, A., Donlan, R.M., and Arduino, M.J. Chlorine 
Inactivation of Bacterial Bioterrorism Agents, Appl. Environ. Microbiol., 71, 566, 2005. 

30. Rice, E.W., Adcock, N.J., Sivaganesan, M., and Rose, L.J. Inactivation of Spores of Bacillus anthracis 
Sterne, Bacillus cereus, and Bacillus thuringiensis subsp, Isrealensis by Chlorination. Appl. Environ. 
Microbiol., 71, 5587, 2005. 

31. Jimenez. L. and Chiang, M. Virucidal Activity of a Quaternary Ammonium Compound Disinfectant 
against Feline Calcivirus: A Surrogate for Norovirus, Am. J. Infect. Control, 34, 269, 2006. 

32. Peretz, D., Supattapone, S., Giles, K., Vergara. J.. Freyman, Y., Lessard, P, Safar, J., Glidden, D., 
McCulloch, C., Nguyen, H., Scott, M„ Dearmond, S., and Prusiner, S. Inactivation of Prions by Acidic 
Sodium Dodecyl Sulfate, J. Virol., 80, 323, 2006. 




Quantitation of Microorganisms 

Peter S. Lee 

CONTENTS 

Quantitative Microbial Enumeration 

Most-Probable-Number (MPN) Method 

General 

Applications 

Turbidimetric Method 

General 

Applications 

Plate Count Method 

General 

Applications 

Membrane Filtration Method 

General 

Applications 

Direct Count Method 

General 

Applications 

Particle Counting Method 

General 

Applications 

Focal Lesion Method 

General 

Applications 

Quantal Assay Method 

General 

Applications 

Plaque Assay Method 

General 

Applications 

Summary 

References 

QUANTITATIVE MICROBIAL ENUMERATION 

This chapter provides general information on the various methods used to estimate the number of 
microorganisms in a given sample. The scope of this chapter is limited to methods used for the 
enumeration of microbial cells and not the measurement of microbial cellular mass. 
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Most-Probable-Number (MPN) Method 
General 

The most probable number (MPN) method is a microbial estimate method used to enumerate viable 
cell counts by diluting the microorganisms, followed by growing the diluted microorganisms in 
replicate liquid medium dilution tubes. An example of an MPN dilution scheme used to prepare the 
various dilution test tube replicates is shown in Figure 2.1. After optimal microbial growth incuba- 
tion, the positive and negative test results are based on the positive (visible turbidity) and negative 
(clear) replicate dilution tubes. The MPN method can also be referred to as the multiple tube fermen- 
tation method if fermentation tubes (Durham tubes) are also used inside the serial dilution tubes to 
measure gas production. The viable cell counts are then compared to a specific MPN statistical table 
to interpret the test results observed. There are also several versions of statistical tables used based 
on the sample matrix tested, test dilutions used, number of replicates per dilution used, and the 
statistical considerations used. 1-7 Tables 2.1 and 2.2 provide two examples of MPN statistical tables 
for three tenfold dilutions with three (3) or five (5 ) tubes at each dilution. 8 The confidence limits of 
the MPN are narrowed when a higher number of replicate dilution tubes is inoculated in the dilu- 
tion series. A number of assumptions are also considered when using the MPN method of microbial 
estimation. The microorganisms to be estimated are distributed randomly and evenly separated 
within the samples tested in the liquid dilution tubes. The microorganisms to be estimated are also 
separated individually and are not clustered together, nor do they repel each other in the liquid 
dilution tubes. In addition, the utilization of optimal growth medium, incubation temperature, and 
incubation period is needed to allow any single viable cell to grow and become quantifiable in the 
liquid dilution tubes used. Primary equipment and materials used for this method are serial dilution 
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FIGURE 2.1 MPN serial dilution scheme. 












TABLE 2.1 

Three (3) Tubes Each at 0.1, 0.01, and 0.001 g Inocula and the MPNs per Gram with 95% Confidence Intervals 8 
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TABLE 2.2 

Five (5) Tubes Each at 0.1, 0.01, and 0.001 g Inocula and the MPNs per Gram with 95% Confidence Intervals 8 

Positive Tubes MPN/g Conf. Limit Positive Tubes MPN/g Conf. Limit 

0.10 0.01 0.001 Low High 0.10 0.01 0.001 Low H 

0 0 0 < 1.8 — 6.8 4 0 2 21 6.8 
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tubes (may include use of Durham fermentation tubes), dilution replicate tubes, pipettes, specific 
growth medium and reagents, and incubator with appropriate optimal temperature setting. Sources 
of error using this method are improper or inadequate preparation of the test samples, serial dilution 
or dilution factor calculation error, and statistical interpretation error of observed results. 

Applications 

The MPN method is useful in the estimation of low microorganism counts where particulate mat- 
ter or turbidity is present in the sample matrix, such as in milk, food, water, and soil. The MPN 
method is not particularly useful in the enumeration of fungi. It is mainly used in the enumeration 
of samples with low bacteria concentrations or bacteria that does not grow well on solid medium. 
MPN methods are used in the areas of food, 8-10 pharmaceutical, 11-13 environment, 14 ' 15 water, 16-19 
agriculture, 20 - 21 petroleum, 22 ’ 23 and poultry 24 applications. Modified or alternate versions of the 
MPN method have also been developed to further expand the use of the standard MPN method to 
estimate bacteria by utilizing solid medium, 25 microtiter plates, 26-28 colometric reagents or defined 
substrate medium, 29-32 and polymerase chain reaction. 33 

Turbidimetric Method 
General 

The turbidimetric method is used to measure the turbidity in a suitable liquid medium inoculated 
with a given microorganism. 34-40 Turbidimetric measurement is a function of microorganism cell 
growth. This method of microbial enumeration is based on the correlation between the turbidity 
observed and changes in the microbial cell numbers. Standard optical density (O.D.) or turbidi- 
metric curves constructed may be used to estimate the number of microbial cells for the observed 
turbidity values using a turbidimetric instrument. This is achieved by determining the turbidity of 
different concentrations of a given species of microorganism in a particular liquid medium using 
the standard plate count method to determine the number of viable microorganisms per millimeter 
of sample tested. The turbidimetric calibration standard curve generated is subsequently used as a 
visual comparison to any given suspension of that microorganism. The use of this method assumes 
that there is control of the physiological state of the microorganisms. It is based on the species of 
microorganism and the optimal condition of the turbidimetric instrument used. Primary equip- 
ment and materials used for this method are the turbidimetric reading instrument, turbidimet- 
ric calibration standards, optically matched tubes or cuvettes, appropriate recording instruments, 
dilution tubes, pipettes, specific growth medium and reagents, and incubator with appropriate 
optimal temperature setting. The turbidimetric reading instrument can be, for example, the spec- 
trophotometer or turbidimeter (wavelength range of 420 to 615 nm shown in Figure 2.2). The 
typical turbidimetric standard used is the McFarland turbidimetric standard. These standards are 




FIGURE 2.2 



DR 5000 UV-VIS spectrophotometer. (Courtesy of Hach Co.) 




Quantitation of Microorganisms 



17 



used as a reference to adjust the turbidity of microbial suspensions to enable the number of micro- 
organisms to be within a given quantitative range. These standards are made by mixing specified 
amounts of barium chloride and sulfuric acid to form a barium sulfate precipitate that causes tur- 
bidity in the solution mixture. If Escherichia coli is used, the 0.5 McFarland standard is equivalent 
to an approximate concentration of 1.5 x 10 8 colony forming units (or CFUs) per mL. The more 
commonly used standard is the 0.5 McFarland standard, which is prepared by mixing 0.05 mL 
of 1% barium chloride dehydrate with 9.95 mL of 1% sulfuric acid. There are other turbidimetric 
standards that can be prepared from suspensions of latex particles that can extend the expiration 
use and stability of these suspensions. 41, 42 Sources of error for this method include using a non- 
calibrated instrument, damaged or misaligned optical matched tubes or cuvettes, color or clarity of 
the liquid suspension medium used, condition of the filter or detector used, and quality of the tur- 
bidimetric instrument lamp output. Sources of error for this method can also be microbial related, 
such as clumping or settling of the microbial suspension, inadequate optimal growth condition 
used; or analyst related, such as lack of understanding the turbidimetric technique used, sample 
preparation error, and incorrect use of the turbidimetric standards. 39, 40 

Applications 

Turbidimetric methods are used where a large number of microorganisms is to be enumerated 
or when the inoculum size of a specific microbial suspension is to be determined. These areas 
include antimicrobial, preservative, or biocide susceptibility assays of bacteria and fungi, 43-51 
growth of microorganisms, 52-55 effects of chemicals on microorganisms, 56, 57 and control of biologi- 
cal production. 58 

Plate Count Method 
General 

The plate count method is based on viable cell counts. The plate count method is performed by 
diluting the original sample in serial dilution tubes, followed by the plating of aliquots of the 
prepared serial dilutions into appropriate plate count agar plates by the pour plate or spread plate 
technique. The pour plate technique utilizes tempered molten plate count agar poured into the 
respective plate and mixed with the diluted aliquot sample in the plate, whereas the spread plate 
technique utilizes the addition and spreading of the diluted aliquot sample on the surface of the 
preformed solid plate count agar in the respective plate. 59 An example of a plate count serial dilu- 
tion scheme is shown in Figure 2.3. These prepared plate count agar plates are then optimally 




FIGURE 2.3 Plate count serial dilution scheme. 
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incubated and the colonies observed on these plate count agar plates are then counted as the num- 
ber of colony forming units (CFUs). The counting of CFUs assumes that every colony is separate 
and founded by a single viable microbial cell. The total colony counts obtained in CFU from the 
incubated agar plates and the respective dilution factor used can then be combined to calculate the 
original number of microorganisms in the sample in CFU per mL. The typical counting ranges are 
25 to 250 CFU or 30 to 300 CFU per standard plate count agar plate. Additional considerations for 
counting colony forming units (or CFUs) are counting of plate spreaders, too numerous to count 
(TNTC) reporting and statistics, rounding and averaging of observed plate counts, limit of detec- 
tion, and limit of quantification of plate counts. 60-62 There are also optimal condition assumptions 
for the plate count method as changes to the plate count agar nutrient level or temperature can 
affect the surface growth of bacteria. 63, 64 Primary equipment and materials used for this method 
are serial dilution tubes (bottles); Petri plates or dishes; pipettes; specific growth medium, diluents, 
and reagents; incubator and water bath with appropriate optimal temperature setting; commercial 
colony counter (manual or automated); plate spreader or rod. Total bacteria and fungi can be enu- 
merated separately using the plate count method based on the type of culture medium utilized. 65-69 
Specific or selective culture medium can also be used in place of the standard plate count agar 
media more specific microbial enumeration. 70 Sources of error using this method are improper or 
inadequate preparation of the test samples, serial dilution error, suboptimal incubation conditions, 
undercounting due to cell aggregation or clumping, and analyst error in the colony counting or 
calculation of observed results. 

Applications 

The plate count method is used primarily in the enumeration of samples with high microorganism 
numbers or microorganisms that do not grow well in liquid media. Plate count methods are used 
in the areas of food, 65,66,71-74 pharmaceutical, 11-13 environmental including drinking water applica- 
tions, 19, 75-77 and biofilm testing. 78 Modified or alternate versions of the plate count methods have 
also been developed to further enhance the use of the standard plate count method approach to 
estimate bacteria or fungi by utilizing the roll tube method, 79-82 drop plate method, 83, 84 spiral plate 
count method, 85-89 Petrifilm IM , 90-94 SimPlate™, 31, 95-97 RODAC™ (replicate organism detection and 
counting plate) for environmental surface sampling, 98-102 dipslide or dipstick paddle method, 103, 104 
and adhesive sheet method. 105 

Membrane Filtration Method 
General 

The membrane filtration (MF) method is based on viable cell enumeration. The MF method is 
conducted by filtering a known volume (typical volumes range from 100 to 1000 mL) of liquid 
sample through a sterile membrane filter (0.22 or 0.45 pm pore size). The filter membrane will 
retain microorganisms during membrane filtration of the liquid sample. After filtration, the mem- 
brane filter is placed onto a membrane filter agar medium plate or membrane filter medium pad. 
These membrane filter plates or pads are then optimally incubated and the colonies observed on 
these membrane filter plates or pads are counted as the number of colony forming units (CFUs). 
The total colony counts obtained in CFU from the incubated membrane filter plates and pads and 
the respective membrane filtered sample volume used can then be combined to calculate the origi- 
nal number of microorganisms in the sample volume used (in CFU per mL). The typical counting 
ranges are 20 to 80 CFU per membrane filter used. Primary equipment and materials used for this 
method are the membrane filtration manifold unit (single or multiple); specific membrane filter with 
an appropriate membrane pore size and membrane material; filter funnels; pipettes; serial dilution 
tubes; specific growth medium; sterile buffers or diluents, and reagents, incubator with appropriate 
optimal temperature setting; and sterile forceps. Sources of error using this method are improper or 
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inadequate preparation of the test samples, sample dilution error, suboptimal incubation conditions, 
solid particles and membrane-adsorbed chemicals may interfere with microbial growth, and analyst 
error in the colony counting or calculation of observed membrane filtration results. 

Applications 

The membrane filtration method is used to concentrate the number of microorganisms from large 
volumes of liquid sample with low numbers of microorganisms. This flexible sample volume range 
allows for the use of larger sample volumes and increases in the sensitivity of microbial enumera- 
tion. The membrane filtration method is not particularly useful with turbid or highly particulate 
samples that may block the membrane pores. Membrane filtration methods are used in the areas 
of food , 106 pharmaceutical , 11-13 ’ 107 and environmental including drinking and recreational water 
application . 19, 108-116 Modified or alternate versions of the membrane filtration estimate have also 
been developed to further enhance the use of this method in estimating bacteria by utilizing the 
defined substrate medium membrane filtration method (selective and/or differential medium ) 117-120 
and the higher microbial enumeration range hydrophobic grid-membrane filtration method . 121-126 

Direct Count Method 
General 

The number of microbial cells can be determined by direct microscopic examination of the sample 
within a demarcated region or field of the microscopic slide and counting the number of microbial 
cells observed per field under the microscope. The enumeration of microbial cells in the original 
sample can be rapidly calculated using an aliquot of known volume used for direct enumeration 
under the microscope slide (numbers of cells counted per field and number of microscopic fields 
counted) in number of microbial cells per milliliter or by using a counting standard . 127 - 128 This 
direct count method requires a higher number of microorganisms per milliliter for enumeration, 
and there is the potential for counting both dead and living microbial cells. An extension of the 
direct count method is the use of fluorescent stains with the epifluorescence microscope or the 
direct epifluorescence filtration technique (DEFT ). 129-131 Primary equipment and materials used 
for this method are the microscope (light or phase contrast or epifluorescent), microbial count- 
ing chambers (Petroff-Hauser or Helber or Nebauer) or membrane filter, microscope slide support, 
internal counting standards (latex particles), biological stains or fluorochromes for certain applica- 
tions, and capillary tubes. Sources of error using this method include the experience of the analysts 
performing the microbial cell count observed under the microscope, cell aggregation or clumping, 
inadequate staining, and inadequate microscopic slide sample preservation or preparation. 

Applications 

Direct count methods are used in the areas of food , 132 - 133 biocidal , 134 - 135 metal working fluids , 136 
and environmental including soil, air, water, or terrestrial ecological applications . 137-144 Modified 
or alternate versions of the direct count method have also been developed, such as the direct viable 
count method (DVC ), 145-148 fluorescence in situ hybridization (FISH) method , 149, 150 and combined 
DVC-FISH method . 151 

Particle Counting Method 
General 

The coulter counting method, or electrical sensing zone (ESZ) method, is a particle count method 
in which microbial cells suspended in a weak electrolyte pass through an electric field of standard 
resistance within a small aperture. The measured resistance changes as the microbial cells pass 
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through the aperture. The voltage applied across the aperture creates a sensing zone. If a constant 
voltage is maintained, a microbial cell passing through will cause a transient decrease in current 
as the resistance changes. A transient increase in voltage will occur if constant current is main- 
tained. These transient impedance changes in the sensing zone can then be amplified and recorded 
electronically, thus allowing one to enumerate the number of microbial cells flowing through the 
aperture opening. The estimation of the total number of microbial cells in a given sample can be 
correlated with the microbial cell counts obtained for either a metered sample volume or a fixed 
time period for flow under constant pressure . 152-154 

The flow cytometry method is another particle count method that analyzes the light scatter 
and fluorescence emitted from individual microbial cells as these cells flow in a single-file man- 
ner through an intensely focused laser light source. The sample is injected into a pressurized fluid 
delivery system or sheath that forces the suspension of cells into laminar flow and aligned in single 
file along the central core through the sensing zone. As the cells pass through the sensing zone, a 
laser light source generates a light scatter pulse that is collected at small forward angles and right 
angles to the cell. The collected light pulse from the single cell is converted to an electrical signal 
(voltage) by either a photodiode or a photomultiplier. The captured data can then be analyzed as 
two-parameter histograms or by using multiparametric analysis. Fluorescent dyes or stain can be 
used to further enhance the use of the flow cytometry to discriminate between live or dead micro- 
bial cells. A combination of internal calibrating counting beads used per test, the number of events 
in a region containing microbial cell population and bead population, dilution factor used, and test 
volume will provide the estimated total number of microbial cells in a given sample . 155, 156 

Primary equipment and materials used for the particle count method are commercially avail- 
able counters (coulter counters or flow cytometry counters), internal liquid bead counting standards 
(polystyrene beads with or without fluorophores), biological stains or fluorochromes for certain 
applications, specific reagents (electrolyte solutions or sheathing liquids or preservatives), dispos- 
able test tubes, micropipettes plus pipette tips, and vortex mixer. Sources of error using this method 
include the presence of bubbles or foreign particles while cell counting, which causes high back- 
ground noise; partial blocking of the counting aperture; a higher number of cells, which may lead 
to higher probability of the coincident passage of two or more cells through the aperture; and back- 
ground noise, which will become higher for enumerating low concentrations of cells. 

Applications 

Particle counting methods are used in the areas of food , 157, 158 pharmaceutical , 159, 160 and environmen- 
tal applications . 161, 162 Flow cytometry methods can also be used for virus enumeration . 163 Modified 
or alternate versions of the standard particle counting methods have also been developed, including 
the solid state laser cytometry method . 164, 165 

Focal Lesion Method 

General 

The focal lesion method considers an infection of a suitable host by a specific virus to produce a 
focal lesion response that can be quantitated if it is within an appropriate range of the dilution of 
the viral sample used. The average number of focal lesions is a linear function of the concentration 
of virus employed. This method is used to enumerate the number of viruses because each lesion 
formed is focused at the site of the activity of an individual viral particle. The relationship between 
the lesion counts obtained and the virus dilution used is also statistically consistent. Primary equip- 
ment and materials used depend on the test system employed. Focal lesions can be generated on 
the skin of whole animals, on the chorioallantoic membrane of chicken embryo, or in cell culture 
monolayers. Focal lesions can also be produced in agar plate cultures of bacterial viruses and on the 
leaves of a plant rubbed with a mixture of virus plus abrasive. Sources of error using this method 
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are nonspecific inhibition of focal lesion response by unknown factors, dilution or counting errors, 
overlapping of focal lesions, size of focal lesions and the numbers countable on the surface area 
tested, and insufficient viral replication to provide statistical significance. 

Applications 

The focal lesion method can be used for the enumeration of animal, plant, and bacterial 
viruses. 166-168 

Quantal Assay Method 
General 

The quantal assay method uses a statistical method with an all-or-none (cell culture mortality or 
cytopathic effect or death of experimental animals) response or outcome to enumerate the number 
of viruses in a given sample. Using a serial dilution approach, the endpoint of activity or infectivity 
is considered the highest dilution of the virus at which there is 50% or more positive response of the 
inoculated host. The exact endpoint is determined by interpolation from the cumulative frequencies 
of positive and negative responses observed at the various dilutions. The endpoint of the quantal 
titration is the viral dilution that has 50% positive and 50% negative responses. The reciprocal of the 
dilution yields an estimate of the number of viral units per inoculum volume of the undiluted sample 
and is expressed in multiples of the 50% endpoint. Primary equipment and materials used for the 
quantal assay method will depend on the test system employed either as groups of animals, use of 
chick embryo, or tubes/flasks of cell cultures. Sources of error using this method include dilution or 
counting errors and insufficient replication to provide statistical significance, and sample titration. 

Applications 

The quantal assay method is used in infectivity assays in animals or tissue-culture-infectious-dose 
assay applications in which the animal or cell culture is scored as either infected or not infected. 
The infectivity titer is proportionately measured by the animal or tissue culture infected. The main 
use of this method is in the enumeration of culturable waterborne viruses. 169, 170 

Plaque Assay Method 
General 

The plaque assay method utilizes serial dilution of a given viral suspension sample that is inoculated 
onto a confluent monolayer of a specific host cell culture. Following the adsorption or attachment 
step, the monolayer is overlaid with either a semisolid or solid medium to restrict the movement of 
the progeny virus in the vicinity of the infected host cells. After incubation, the infectious plaque 
plate is enumerated and examined for plaque formation. Each virus unit makes one plaque (an 
observed localized focus of infected and dead cells) after the cell monolayers are stained with gen- 
eral cellular stain or dye. The infectivity titer of the original viral suspension sample is recorded as 
plaque -forming units (PFUs) per milliliter. Primary equipment and materials used for this method 
include serial dilution tubes (bottles), Petri plates or dishes, pipettes, specific growth medium, 
specific cell culture or bacterial host, diluents, reagents, membrane filtration setup, stains/dyes as 
needed, and incubator and water bath with appropriate optimal temperature setting. Sources of 
error using this method include improper or inadequate preparation of the test samples, serial dilu- 
tion error, suboptimal incubation conditions, and analyst error in the plaque counting or calculation 
of observed results. 
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Applications 

The plaque assay method can be used for the enumeration of animal, plant, and bacterial 
viruses . 171-176 

SUMMARY 

There are a number of test methods used for the quantitative enumeration of microorganisms. A 
more formal validation approach can also be used to compare new or alternate test methods for the 
quantitative enumeration of microorganisms . 177 This may include rapid test methods for the quan- 
titative enumeration of microorganisms compared to the above standard microbial enumeration 
test methods . 178-181 Methods for quantitative enumeration of microorganisms will continue to be 
developed and validated to meet the various industry demands and the associated microbial quan- 
titative enumeration applications, as evidenced by more recent statistical approaches to quantita- 
tive microbial estimation or counting methods and the uncertainty associated with microbiological 
testing . 182-185 
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INTRODUCTION 

The use of culture as a diagnostic technique is described in the chapter entitled “Diagnostic Medical 
Microbiology.” It is the purpose of this chapter to discuss only the principles of enrichment culture. 
This is a technique that has been in use for more than 100 years. 1 It consists of incubating a sample 
in a medium that encourages the growth of an organism of interest, while inhibiting the growth of 
others. In this way it can assist the technician in isolating pure colonies of microorganisms from 
mixtures in which the organisms represent only a very small percentage of the overall flora, and 
isolation by streaking may not be practical. In some cases, as in the isolation of salmonella, first 
growing a sample in an enrichment culture is a necessary first step to increase the small relative 
number of organisms usually found in the primary sample, 2 While the use of enrichment broths in 
food and environmental microbiology has been demonstrated, their use in clinical microbiology has 
not fully been established. 3 

DESIGNING AN ENRICHMENT MEDIUM 

While the media used to enrich for specific microorganisms might differ greatly from each other, 
they should all contain an energy source, a carbon source, and a source of trace and major elements. 
In addition, the pH, temperature, and oxygen tension should be appropriate to the microorganism 
of interest. 1 
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Energy Source 

Most microorganisms are heterotrophs, and as a result obtain their energy by ingesting organic 
molecules. When these molecules are broken down, energy contained in the chemical bonds is 
liberated. 5 Some microorganisms are autotrophs and are capable of obtaining energy either by 
oxidizing inorganic chemical compounds (chemoautotrophs) or by directly utilizing light (photo- 
synthetic). 5 Chemoautotrophs derive energy from reduced inorganic molecules or ions, which can 
include H 2 , NH 4 + , Fe 2+ , and S 0 . 1, 6 Photosynthetic microorganisms derive their energy directly from 
light sources, with bacteria and photosynthetic eukaryotes favoring light in the red portion of the 
spectrum, while Cyanobacteria favor light in the blue portion. 1 

Source of Carbon 

Because autotrophic organisms derive their energy from light, this usually requires little more than 
a source of simple carbon, such as bubbling CO, gas into the media or by adding a solid carbonate 
source. Heterotrophic organisms can obtain their carbon from a wide variety of sources. The most 
common of these are carbohydrates. Many of these are actually used as the component parts of bio- 
chemical tests used to identify microorganisms. These include carbohydrates (i.e., glucose, maltose, 
lactose, sucrose, etc.); acids found in the TCA cycle (i.e., succinic, oxaloacetic, malic, a-ketogluaric, 
etc.); amino acids (i.e., alanine, arginine, glycine, serine, etc.); and fatty acids (i.e., lactic, pyruvic, 
butyric, propionic, etc.). 

in the past few years, it has been realized that microorganisms exist that are capable of using 
toxic compounds as carbon sources. As such, research has focused on enriching samples for micro- 
organisms that can be used for bioremediation of environmental spills. A recent article found an 
organism in a soil sample that was capable of using trichlorethene (TCE), recognized as the most 
commonly found contaminant at Superfund sites. 7 

Trace and Major Elements 

All microorganisms also require varying amounts of certain elements. Major elements such as 
nitrogen, potassium, sodium, magnesium, and calcium can be found as salts. These can include 
chlorides (NH 4 C1, KC1, NaCl); sulfates (MgS0 4 7H 2 0, Na 2 S0 4 , (NH 4 ) 2 S0 4 ); carbonates (MgC0 3 , 
CaC0 3 ); nitrates (Ca(N0 3 ) 2 4H 2 0); and phosphates (K 2 HP0 4 , KH 2 P() 4 ).' Other elements may also 
be required in trace amounts. These can include iron, zinc, manganese, copper, cobalt, boron, 
molybdenum, vanadium, strontium, aluminum, rubidium, lithium, iodine, and bromine. 1 

PH 

While most organisms prefer to grow in a neutral pH environment, pH can be used as an enrichment 
method. Acidophiles can be enriched by lowering the pH in the media. 8 

Physical Components 

Although researchers usually tend to focus on ingredients that can be added to a liquid medium, 
it should be remembered that manipulating the physical environment that the culture is placed in 
for temperature, oxygen tension, and even pressure may offer some microorganisms a competitive 
advantage in reproduction. The levels of these agents will be determined by which organism the 
technician is trying to isolate. 4 

Antimicrobial Agents 

Enrichment for specific groups or species of microorganisms can not only be achieved by defining 
conditions that will preferentially allow them to grow, but can also be achieved through the use of 
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agents that will inhibit the growth of competing organisms. In some instances, fast-growing organ- 
isms can be inhibited, to give fastidious or slower growing organisms an advantage in a particu- 
lar sample. An interesting clinical consequence of the use of antimicrobial agents as a method of 
enrichment is the observation of resistant organisms in patients who have been hospitalized. Axon 
et al. 9 have found that hemodialysis patients, who usually have a greater chance of being exposed to 
antibiotics and of being hospitalized, are a reservoir of vancomycin-resistant Enterococcus infec- 
tions in a nosocomial setting. 

PRESERVATION OF MICROORGANISMS 

Introduction 

Many laboratory test procedures require the use of microorganisms as reagents, while advances 
in biotechnology have resulted in the creation of engineered microorganisms. In both instances, to 
obtain consistent results, these organisms must be preserved in a manner that will allow for their 
genetic stability and long-term survival. Preservation of microorganisms can be accomplished by a 
variety of methods. These can include subculturing them, reducing their metabolic rate, or putting 
them into a state of quasi-suspended animation. 10 The chosen method will usually depend on which 
organism one is trying to preserve. Despite the introduction of newer methodologies, many of the 
techniques that are used have not changed much since the previous edition of this book. Most still 
involve the use of drying, lyophilization, or storage in freezing or subfreezing temperatures. 

Methods 
Serial Subculture 

This is a simple method in which the cultures are periodically passed in liquid or agar media. Some 
cultures can be stored on agar media in sealed tubes and survive for as long as 10 years. 11 This 
method has been used extensively for fungi but usually requires storage under mineral oil. 10 Despite 
its simplicity and applicability for cultures that cannot survive harsher preservation methods, serial 
subculture is not a very satisfactory method. In our hands we have had problems with contamina- 
tion, culture death, and the unintended selection of mutants. This has been particularly difficult in 
cases in which we were trying to develop new products for the identification of microorganisms. It 
was imperative to periodically confirm the identity of the organisms being used in the database. 

Storage at Low Temperatures 

Some species are capable of being stored for long periods at 4 to 8°C on agar plates or on slants. 
We also have been able to store cultures at -20°C for extended periods. We have found that this can 
be accomplished by growing the cultures in liquid media for 24 to 48 hours and then mixing one 
part sterile glycerol to three parts culture. While this does not work for all organisms, it allows the 
use of a standard refrigerator for preserving cultures. Many laboratories store organisms at -70 to 
-80°C by first mixing them with 10% glycerol. 12 Many cultures can be stored indefinitely in liquid 
nitrogen. A method for this can be found at www.cabri.org. While the use of liquid nitrogen is a 
good method for storing microorganisms, for most laboratories it requires the expense of constantly 
refilling a specialized thermos. 

Freeze-Drying 

This is a widely used method in which a suspension of microorganisms is frozen and then subjected 
to a vacuum to sublimate the liquid. The resulting dried powder is usually stored in vials sealed 
in a vacuum. Many factors can affect the stability of the culture. These include the growth media, 
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the age of the cultures, the phase of the culture, and the concentration of the organisms in the sus- 
pension. 10, 13 The length of sample viability can vary substantially but cultures surviving for up to 
20 years have been reported. 14 Freeze-drying requires a cryoprotective agent to provide maximal 
stability. Usually, the organisms are suspended in 10% skim milk. 15 

Storage in Distilled Water 

This was cited as a method of preservation of Pseudomonas species and fungi in the first edition 
of this book. 10 Recent studies have found that it is still an effective method of preserving fungi, 16 as 
well as a wide variety of bacteria (including Pseudomonas fluorescens, Erwinia spp., Xanthomonas 
campestris. Salmonella spp., Yersinia enterocolitica, Escherichia coli 0157:H7, Listeria monocy- 
togenes, and Staphylococcus aureus. 11 Stationary-phase organisms grown on agar media and then 
suspended in 10 mL of sterile water were found to be stable when sealed with parafilm membranes 
and then stored at room temperature in the dark. Even greater stability could be obtained by sus- 
pending the organisms in a screw-capped tube with phosphate buffered saline (PBS) at pH 7.2, 
containing 15.44 pM KH 2 P0 4 , 1.55 mM NaCl, and 27.09 pM Na,HP0 4 . 17 

Drying 

Sterile soil or sand has been used for preserving spore-forming organisms by adding suspensions 
and then drying at room temperature. In addition, bacterial suspensions have been mixed with 
melted gelatin and then dried in a desiccator. Both methods have produced samples that are stable 
for long periods of time. 10 Recently, a method has been developed in which a microliter quantity of 
a bacterial suspension is mixed with a pre-dried activated charcoal cloth based matrix contained 
within a resealable system that can then be stored. Experiments with Escherichia coli have found 
that viability of over a year at 4°C can be obtained. 18 

Recovery and Viability of Preserved Microorganisms 

Several factors can affect the viability of microorganisms that have been stored by either freezing 
or drying. These can include the temperature at which microorganisms are recovered, the type and 
volume of the media used for recovery, and even how quickly microorganisms are solubilized in a 
recovery medium. 10 

Usually, the losses of preservation can be overcome by initially preserving large numbers of 
microorganisms. In doing this, one must be careful to avoid two problems. The first is that if only 
a very small fraction of organisms is recovered, this can result in the selection of biochemically 
distinct strains. The second is that if a culture has inadvertently been contaminated with even a few 
microorganisms, the preservation technique may lead to a selection for the contaminant. 

Drying and freeze-drying have been known to cause changes in several characteristics of pre- 
served microorganisms. These can include colonial appearance and pathogenicity. 10 After revival 
from a frozen or dried state, many protocols usually advise subculturing the organisms at least two 
or three times in an attempt to restore any characteristics that may have been lost. 10 
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The following is a selection of staining methods that may be of assistance to microbiologists. 

GRAM STAIN 1 2 

Background for the Gram Stain 

The Gram stain was developed by Christian Gram in 1884 and modified by Hucker in 1921. The 
Gram stain separates bacteria into two groups: (1) Gram-positive microorganisms that retain the 
primary dye (Crystal violet) and (2) Gram-negative microorganisms that take the color of the coun- 
terstain (usually Safranin O). These results are due to differences in the structure of the cell wall. 
Crystal violet is attracted to both Gram-positive and Gram-negative microorganisms. The second 
step (Gram’s Iodine, a mordant) stabilizes the Crystal violet into the peptidoglycan layer of the cell 
wall. The peptidoglycan layer is much thicker in Gram-positive bacteria than in Gram-negative 
bacteria; hence, the Crystal violet is more extensively entrapped in the peptidoglycan of Gram- 
positive bacteria. The third step (alcohol decolorization) dissolves lipids in the outer membrane of 
Gram-negative bacteria and removes the Crystal violet from the peptidoglycan layer. In contrast, 
the Crystal violet is relatively inaccessible in Gram-positive microorganisms and cannot readily be 
removed by alcohol in Gram-positive microorganisms. After the alcohol step, only the colorless 
Gram-negative microorganisms can accept the Safranin (counterstain). Carbol-fuchsin and Basic- 
fuchsin are sometimes employed in the counterstain to stain anaerobes and other weakly staining 
Gram-negative bacteria (including Legionella spp., Campylobacter spp., and Brucella spp.). The 
most frequent errors in the Gram stain often are associated with slide preparation. Thick slide prep- 
arations, excessive heat fixing that distorts the bacteria, and improper decolorizations are common 
problems encountered with the stain. Inexperience can lead to over-decolorization (too many Gram- 
negative bacteria) or under-decolorization (too many Gram-positive bacteria). The decolorization 
step is the most problematic part of the procedure. Bacteria are often called Gram variable if half 
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are stained violet and the other half are pink. The details of the three-step Gram stain by Mesaros, 
Army, Strenkoski, and Leon (www.freepatentsonline.com/5827680.htlm) are available. The three- 
step method simultaneously decolorizes and counterstains Gram-negative bacteria. Most clinical 
laboratories are currently using the four-step Gram stain. A Modified Brown and Brenn Gram stain 
( Surgical Pathology Staining Manual, www.library.med.utah.edu/WebPath/HISTHTML/MANU- 
ALS/MANUALS.html) can be used to detect Gram-negative and -positive bacteria in tissue. In this 
method. Gram-positive bacteria stain blue, Gram-negative bacteria stain red, and the background 
color is yellow. 

Standard Gram Stain Procedure 

1. Fix the specimen with heat or use 95% methanol for 2 min. 

2. Apply the primary stain (Crystal violet) for 1 min. Wash with tap water. 

3. Apply the mordant (Gram’s iodine) for 1 min. Wash with tap water. 

4. Decolorize for 5 to 15 sec. Wash with tap water. 

5. Counterstain with Safranin for 1 min. Wash with tap water. 

The Gram Stain Reagents 

1. Primary stain: 2 g Crystal violet, 20 mL 95% ethyl alcohol, 0.8 g ammonium oxalate, and 
100 mL distilled water. 

2. Gram’s iodine: 2 g potassium iodide, 1 g iodine crystals, and 100 mL distilled water. 

3. Decolorizer: 50 mL acetone and 50 mL ethanol. 

4. Counterstain: 4.0 g Safranin, 200 mL 95% ethanol, and 800 mL distilled water. 

Decolorizer/Counterstain for the Three-Step Gram Stain 

1. Combine 0.40% Safranin, 0.30% Basic fuchsin, 90% ethanol, 10% distilled water, and 
acidify to pH 4.5. 

Variations for Gram Stain Reagents 

Many variations exist for the Gram stain. The Gram iodine mordant can be stabilized using a poly- 
vinypyrrolidone -iodine complex. Slowing the decolorizing step is accomplished using only 95% 
ethanol. Some laboratories prefer to decolorize with isopropanol/acetone (3:1 vokvol). 

ACRIDINE ORANGE STAIN 1 ' 2 '™, 12 

Background for the Acridine Orange Stain 

The Acridine orange stain is a sensitive method for detecting low numbers of organisms in cerebral 
spinal fluid (CSF), blood, huffy coat preparations from neonates, and tissue specimens. The Acri- 
dine orange stain can be employed in rapidly screening normal sterile specimens (blood and CSF) 
where low numbers of microorganisms usually exist. Acridine orange is a fluorochrome that binds 
to nucleic acids. Bacteria and yeasts stain bright orange/red, and tissue cells stain black to yellowish- 
green. The filter system used on a fluorescent microscope can affect the observed colors. Because red 
blood cells are not fluorescent, the Acridine orange stain can be useful for screening blood cultures 
for the growth of microorganisms. The stain maybe useful in interpreting thick purulent specimens 
that failed to give clear results with the Gram stain. Acridine orange may also be useful for staining 
miscellaneous microorganisms such as Mycoplasma, Pneumocystis jiroveci trophozoites, Borrelia 
burgdorferi , Acanthamoeba, Leishmania, and Helicobacter pylori purulent specimens. Additional 
information on the Acridine orange stain can be found at www.histonet.org. 
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Acridine Orange Standard Staining Procedure 

1. Fix the smear in methanol for 2 min. 

2. Stain with Acridine orange for 1 min. 

3. Rinse with tap water. 

Paraffin Acridine Orange Staining Procedure 

1. Deparaffinize and hydrate to distilled water. 

2. Stain sections with Acridine orange for 30 min. 

3. Rinse sections in 0.5% acetic acid in 100% alcohol for about 1 min. 

4. Rinse sections 2X in 100% alcohol. 

5. Rinse sections 2X in xylene. 

6. Mount sections in Fluoromount. 

Reagents for Standard Stain 

1. 0.2 M sodium acetate buffer (pH 3.75). 

2. Add Acridine orange to buffer (0.02 g). 

Reagents for Paraffin Procedure 

1. Add 5 mL acetic acid to 500 mL distilled water. 

2. Add 0.05 g Acridine orange to the diluted acetic acid. 

MACHIAVELLO STAIN MODIFIED FOR CHLAMYDIA AND RICKETTSIA 

Background for the Machiavello-Gimenez Stain 

Chlamydia and Rickettsia will stain red against a blue background. The nuclei of Rickettesia may 
also stain blue. Pinkerton’s adaptation of Machiavello’s stain is used to detect Rickettesia in tissue 
samples. Legionella can also be stained by this method. Additional information on the Machiavello 
stain can be found at www.histonet.org. 

Machiavello Stain Procedure (Modified) for Chlamydia 

1. Heat fix the smear or air dry. 

2. Stain the slide with Basic fuchsin for 5 min. 

3. Wash in tap water and then place the slide in a Coplin jar that contains citric acid. The slide 
should remain in the citric acid for a few seconds. Decolorization of the Chlamydia will 
occur if the citric acid is left on too long. 

4. Wash the slide thoroughly with tap water. 

5. Stain the slide for 20 to 30 sec with 1% methylene blue. 

6. Wash the slide with tap water and air dry. 

Pinkerton's Adaptation of Machiavello's Stain for Rickettesia in Tissues 

1. Deparaffinize and hydrate to distilled water. 

2. Stain overnight with methylene blue (1%). 

3. Decolorize with alcohol (95%). 

4. Wash with distilled water. 

5. Stain for 30 min with Basic fuchsin (0.25%). 
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6. Decolorize 1 to 2 sec in citric acid (0.5%). 

7. Differentiate quickly with alcohol (100%). 

8. Dehydrate with alcohol (95%), followed by 3X alcohol (100%). 

9. Clear in xylene 3X and mount in Permount. 

Reagents for the Machiavello Stain 

1. Basic fuchsin: Dissolve 0.25 g Basic fuchsin in 100 mL distilled water. 

2. Citric acid: Dissolve 0.5 g citric acid in 100 mL distilled water. Some procedures use 0.5 
g in 200 mL distilled water. This reagent must always be fresh. 

3. Methylene blue: Dissolve 1.0 g in 100 ml distilled water. 



ACID-FAST STAINS 1 2 10 12 

Background for the Acid-Fast Stain 

The cell wall of Mycobacteria contains a large amount of lipid that makes it difficult for aqueous- 
based staining solution to enter the cell. Gram-staining is not acceptable because the results are 
often Gram variable, or beaded Gram-positive rods, or negatively stained images. In contrast, the 
acid-fast stains contain phenol, which allows Basic fuchsin (red) or auramine (fluorescent) to pen- 
etrate the cell wall. The primary stain will remain bound to the cell wall mycolic acid residues after 
acid alcohol is applied. The resistance of the Mycobacteria group to acid-alcohol decolorization has 
led to the designation of this group as acid-fast bacilli (AFB). A counterstain such as methylene blue 
is applied to contrast the Mycobacteria (red) from the non-AFB organisms (blue). Detailed informa- 
tion on acid-fast stains can be found at Centers for Disease Control and Prevention (CDC), Acid Fast 
Direct Smear Microscopy Manual (www.phppo.cdc.gov/dls/ila/acidfasttraining/participants.aspx). 
The CDC also supplies detailed information on the use of fluorochrome staining for the detection 
of acid-fast Mycobacteria. 

Ziehl Neelsen Staining Procedure (Hot Method) 

1. Fix the prepared slide with gentle heat. 

2. Flood the slide with Carbol-fuchsin and heat to steaming only once. 

3. Leave for 10 min. 

4. Rinse with distilled water. 

5. Decolorize with acid alcohol for 3 min. 

6. Rinse with distilled water. 

7. Counterstain with methylene blue for 1 min. 

8. Rinse with distilled water, drain, and air dry. 

Ziehl Neelsen Staining Reagents 

1. Primary Stain: 0.3% Carbol-fuchsin. Dissolve 50 g phenol in 100 mL ethanol (95%) or 
methanol (95%). Dissolve 3 g Basic fuchsin in the mixture and add distilled water to bring 
the volume to 1 L. 

2. Decolorization Solution: Add 30 mL hydrochloric acid to 1 L of 95% denatured alcohol. 
Cool and mix well before use. Alternate decolorizing reagent (without alcohol): Slowly 
add 250 mL sulfuric acid (at least 95%) to 750 mL distilled water. Cool and mix well 
before using. 

3. Counterstain: 0.3% nethylene blue. Dissolve 3 g nethylene blue in 1 L distilled water. 
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TABLE 4.1 



Reporting Systems for Acid-Fast Stains 



Reporting System 

Negative 

Report actual number 
1 + 

2 + 

3+ 



AFB Seen 

No AFB seen. Examine at least 100 fields 
1-9 AFB per 100 fields 
10-99 AFB per 100 fields 
1—10 AFB per field. Examine at least 50 fields 
>10 AFB per field. Examine at least 20 fields 



Reporting System for Acid-Fast Stains 

Table 4.1 should be used to report the results of the Ziehl Neelsen or Kinyoun acid-fast stain. 

Kinyoun Staining Procedure (Cold Method) 

1. Fix and prepare the slide with gentle heat. 

2. Stain with Kinyoun Carbol-fuchsin for 3 to 5 min. 

3. Rinse with distilled water. 

4. Decolorize with acid alcohol until the red color no longer appears in the washing (about 
2 min). 

5. Rinse with distilled water. 

6. Counterstain with methylene blue for 30 to 60 sec. 

7. Rinse with distilled water, drain, and air dry. 

Kinyoun Staining Reagents 

1. Primary Stain: Dissolve 40 g Basic fuchsin in 200 mL of 95% ethanol. Then add 1000 
mL distilled water and 80 g liquefied phenol. 

2. Decolorizer: 3% acid. Mix 970 mL of 95% ethanol and 30 mL concentrated hydrochlo- 
ric acid. 

3. Counterstain: 0.3% methylene blue. Dissolve 3 g methylene blue in 1 L distilled water. 

Traunt Fluorochrome Staining Procedure 

1. Air dry the smears and fix on a slide warmer at 70°C for at least 2 hr. A Bunsen burner may 
be substituted. 

2. Stain with Auramine O-Rhodamine B solution for 15 min. 

3. Rinse the slide with distilled water. 

4. Decolorize with acid alcohol for approximately 2 min. 

5. Rinse with distilled water and drain. 

6. Counterstain with potassium permanganate for 2 min. Applying the counterstain for a 
longer time period may quench the fluorescence of the Mycobacterium species. Acridine 
orange is not recommended as a counterstain by the Centers for Disease Control and Pre- 
vention (CDC). 

7. Smears are scanned with a 10X objective. It is sometimes necessary to use the 40X objec- 
tive to confirm the bacterial morphology. 

8. Examine at least 30 fields when viewing the slide under a magnification of 200X or 250X. 
Examine at least 55 fields when viewing the slide under a magnification of 400X. Examine 
at least 70 fields when viewing the slide under a magnification of 450X. 
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9. If only 1 or 2 acid-fast bacilli are observed in 70 fields, the results are reported as doubtful 
and should be repeated. 

1+ = Observing either 1 to 9 AFB in 10 fields (magnification of 200-250X) or 2 to 18 AFB in 
50 fields (magnification of 400-450X). 

2+ = Observing either 1 to 9 AFB per field (magnification of 200-250X) or 4 to 36 AFB per 

10 fields (magnification 400-450X). 

3+ = Observing 10 to 90 AFB per field (magnification 200-250X) or 4 to 36 per field (mag- 
nification 400-450X). 

4+ = Observing more than 90 AFB per field (magnification of 200-250X) or more than 36 
AFB per field (magnification 400-450X). 

Traunt Staining Reagents 

1. Auramine O-Rhodamine B: Dissolve 0.75 g Rhodamine B and 1.5 g Auramine O in 75 
mL glycerol. 

2. Decolorizer: Add 0.5 mL concentrated hydrochloric acid to 100 mL of 70% ethanol. 

3. Counterstain: 0.5% potassium permanganate. Dissolve 0.5 g potassium permanganate in 
100 mL distilled water. 

Modified Acid-Fast Stain for Detecting Aerobic Actinomycetes (including 
Nocardia), Rhodococcus, Cordonia , and Tsukamurella 

The actinomycetes are a diverse group of Gram-positive rods, often with branching filamentous 
forms, and are partially acid-fast. A modified acid-fast stain using 1% sulfuric acid rather than the 
usual 3% hydrochloric acid can be used if Gram-positive branching or partially branching organ- 
isms are observed. 

Modified Acid-Fast Stain for Detecting Cryptosporidium, Isospora, and Cyclospora 
The modified acid-fast stain is used to identify the oocysts of the Coccidian species, which are 
difficult to detect with the trichrome stain. Fresh or formalin-preserved stools as well as duodenal 
fluid, bile, and pulmonary samples can be stained. 

Modified Acid-Fast Staining Procedure 

1. Prepare a thin smear by applying one or two drops of sample to a slide. The specimen is dried 
via a slide warmer at 60°C and then fixed with 100% methanol for approximately 30 sec. 

2. Apply Kinyoun Carbol-fuchsin for 1 min and rinse the slide with distilled water. 

3. Decolorize with acid alcohol for about 2 min. 

4. Counterstain for 2 min with Malachite green. Rinse with distilled water. 

5. Dry, a slide warmer can be used, and apply mounting media and a cover slip. 

6. Examine several hundred fields under 40X magnification and confirm morphology under 

011 immersion. 

7. The parasites will stain a pinkish-red color. 

Modified Acid-Fast Staining Reagents 

1. Kinyoun Carbol-fuchsin: see earlier procedure. 

2. Decolorizer: 10 mL sulfuric acid and 90 mL of 100% ethanol. 

3. Counterstain: 3% Malachite green. Dissolve 3 g Malachite green in 100 mL distilled water. 
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MYCOLOGY PREPARATIONS AND STAINS 

Potassium Hydroxide (KOH) and Lactophenol Cotton Blue (LPCB) Wet Mounts 6 712 

Wet mounts using 10% KOH (potassium hydroxide) will dissolve keratin and cellular material and 
unmask fungal elements that may be difficult to observe. Lactophenol cotton blue preparations are 
useful because the phenol in the stain will kill the organisms and the lactic acid preserves fungal 
structures. Chitin in the fungal cell wall is stained by the Cotton blue. The two wet mount prepara- 
tions (KOH and LPCB) can be combined. Additional variations include using KOH and Calcofluor 
white or KOH and dimethylsulfoxide for thicker specimens of skin or nail. An extensive online 
Mycology Procedure Manual (Toronto Medical Laboratories/Mount Sinai Hospital Microbiology 
Department) is available at http://microbiology.mtsinai.on.ca/manual/myc/index.shtml. Additional 
staining procedures for the fungi can be found at www.doctorfungus.org. 

KOH Procedure 

1. Thin smear scrapings from the margin of a lesion are placed on a slide. 

2. Add 1 or 2 drops of KOH, place on a cover slip, and allow digestion to occur over 5 to 30 
min. Alternately, the slide can be gently heated by passing it through a flame several times. 
Cool and examine under low power. The fungal cell wall is partially resistant to the effects 
of KOH. However, the fungi may eventually dissolve in the KOH if left in contact with the 
reagent for an excessive time period. 

KOH Reagent 

1. Dissolve 10 g KOH in 80 mL distilled water and then add 20 mL glycerol. 

LPCB Procedure 

1. Place a thin specimen on the slide and add 1 drop LPCB. Mix well and place a cover slip 
over the slide. Nail polish can be used to make a semi-permanent slide. 

2. Observe under the microscope for fungal elements. 

LPCB Reagent 

1. Dissolve 0.5g Cotton blue in 20 mL distilled water and then add 20 mL lactic acid and 20 
mL concentrated phenol. Mix after adding 40 mL glycerol. 

10% KOH with LPCB Procedure 

1. Place a thin specimen on a slide and add 1 or 2 drops KOH. Place a cover slip over the prep- 
aration and wait for 5 to 30 min at room temperature or gently heat for a few seconds. 

2. Add 1 drop LPCB and add a cover slip; examine under the microscope. 



India Ink or Nigrosin Wet Mount 6 ' 7 ' 12 

India ink or Nigrosin will outline the capsule of Cryptococcus neoformans. The stain is far less 
effective than the latex agglutination procedure when examining cerebral spinal fluid. In addition, 
human red or white blood cells can mimic the appearance of yeast cells. A drop of KOH can be 
added because human cells are disrupted and yeast cells remain intact. A positive India ink prepara- 
tion is not always definitive for Cryptococcus neoformans because addition yeasts such as Rhodo- 
torula may be encapsulated. 
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Capsule Detection with India Ink 

1. Mix 1 drop of the specimen with 1 drop India ink or 1 drop Nigrosin on a slide. Place a cover 
slip over the preparation and let it rest for 10 min before examining under the microscope. 

CALCOFLUOR WHITE STAIN (CFW ) 6 ' 7 

Background for the Calcofluor White Stain 

The CFW stain can be used for the direct examination of most fungal specimens. This stain binds 
to cellulose and chitin in the fungal cell wall. CFW is used in conjunction with KOH to enhance the 
visualization of the fungal cell wall. Positive results are indicated by a bright green to blue fluores- 
cence using a fluorescent microscope. A non-specific fluorescence from human cellular materials 
sometimes occurs. A bright yellow-green fluorescence is observed when collagen or elastin is pres- 
ent. The CFW staining technique usually provides better contrast than Lactophenol aniline blue 
stains. The CFW stain can be used for the rapid screening of clinical specimens for fungal elements 
(www.microbiology.mtsinai.on.ca/manual/myc/index.shtml). Furthermore, a CFW preparation sub- 
sequently can be stained with Gomori methenamine silver and periodic acid-Schiff (PAS) stain 
without interference. 

General CFW Staining Procedure 

1. Mix equal volumes of 0.1% CFW and 15% KOH before staining. 

2. Place the specimen on the slide and add a few drops of the mixed CFW-KOH solution. 
Place a cover slip over the material. 

3. The slide can be warmed for a few minutes if the material does not clear at 25°C. 

4. Observe the specimen under a fluorescence microscope that uses broadband or barrier 
filters between 300 and 412 nm. The maximum absorbance of CFW is at 347 nm. 

5. A negative control consists of equal mixtures of CFW-KOH. A positive control consists of 
a recent Candida albicans culture. 

CFW Staining Reagents 

1. 0.1% CFW (wt/vol) solution. Store the solution in the dark. Gentle heating and/or filtration is 
necessary to eliminate precipitate formation. CFW is available as a cellufluor solution from 
Polysciences (Washington, PA) or as Fluorescent brightener from Sigma (St. Louis, MO). 

2. 15% KOH. Dissolve 15 g KOH in 80 mL distilled water and add 20 mL glycerol. Store both 
reagents at 25°C. 



CFW Stain for Acanthamoeba spp., Pneumocystis jiroveci, and Microsporidium spp. 

This procedure is used only as a quick screening method and not for species identification. The 
CFW stain is not specific because many objects other than fungi and parasites will fluoresce. 
Fresh or preserved stool, urine, and other types of specimens can be used in the following proce- 
dure (www.dpd.cdc.gov/DPDx/HTML/DiagnosticProcedures.htm). 

CFW Staining Procedure for Acanthamoeba , etc. 

1. Use approximately 10 pL of preserved or fresh fecal, or urine, specimen to prepare a 
thin smear. 

2. Fix the smear in 100% methanol for 30 sec. 
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3. Stain with CFW solution for 1 min. A 0.01% CFW solution in 0.1 M Tris-buffered saline 
with a final pFl of 7.2 constitutes the staining reagent. 

4. Rinse with distilled water, air dry the slide, and mount. 

5. Examine under a UV fluorescence microscope using a wavelength at or below 400 nm. 

6. The spores of Microsporidium will also exhibit a blue-white fluorescent color. 

HISTOPATHOLOGIC STAIN FOR FUNGI: PERIODIC- 
ACID SCHIFF (PAS) STAIN 1 2 6 7 

Background for the PAS Stain 

Some laboratories prefer to use phase contrast microscopy in place of the PAS stain because similar 
results are often obtained. In the PAS stain, carbohydrates in the cell wall of the fungi and carbo- 
hydrates in human cells are oxidized by periodic acid to form aldehydes, which then react with the 
fuchsin-sulfurous acid to form the magenta color. Identification of fungal elements in tissue can be 
enhanced if a counterstain such as Light green is used. The background stains green and the yeast cells 
or hyphae will accumulate the magenta color. The online Surgical Pathology-Histology Staining Man- 
ual discusses several PAS methods (www.library.med.utah.edu/WebPath/HISTHTML/MANUALS/ 
MANUALS.html). 

PAS Staining Procedure 

1. Deparaffinize and hydrate to distilled water. 

2. Treat slides with 0.5% periodic acid for 5 min, followed by a rinse in distilled water. 

3. Stain in Schiff’s reagent for 15 to 30 min at room temperature. An alternate method is to 
microwave on high power for 45 to 60 sec. The solution should be a deep magenta color. 

Schiff’s reagent requires extreme caution because it is a known carcinogen. 

4. Wash in running water (about 5 min) to develop the pink color. 

5. Counterstain in hematoxylin for 3 to 6 min. Light green can be substituted when fungi are 
suspected. Go to Step 8 if using Light green. 

6. If using hematoxylin, wash in tap water, followed by a rinse in distilled water. 

7. Place in alcohol to dehydrate and apply a cover slip and mount. 

8. If using Light green, wash in tap water followed by 0.3% ammonia water. 

9. Place in 95% alcohol and later in 100% alcohol (2X), followed by clear xylene (2X); 
then mount. 

Reagents 

1. Periodic acid: Dissolve 0.5 g periodic acid in 100 mL distilled water. The reagent is stable 
for 1 year. 

2. Harris’ Hematoxylin: Dissolve 2.5 g Hematoxylin in 25 mL of 100% ethanol. Dissolve 
50 g potassium or ammonium alum in 0.5 L heated distilled water. Mix together the two 
solutions without heat. After mixing, the two solutions are boiled very rapidly with stir- 
ring (approximate time to reach a boil is 1 min).After removing from the heat, add 1.25 
g mercury oxide (red). Simmer until the stain becomes dark purple in color. Immediately 
plunge the container into a vessel containing cold water. Add 2 to 4 mL glacial acetic acid 
to increase the staining efficiency for the nucleus. The stain must be filtered before use. 

3. Light green reagent: Dissolve 0.2 g Light green in 100 mL distilled water. Dilute 1:5 
with distilled water before use. The optimum concentration of Light green often requires 
several attempts to determine the correct concentration. 
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GROCOTT-GOMORI METHENAMINE SILVER (GMS) STAIN 12 
Background for the GMS Stain 

Silver stains are useful in detecting fungal elements in tissues. The fungal cell wall contains 
mucopolysaccharides that are oxidized by GMS to release aldehyde groups, which later react with 
silver nitrate. Silver nitrate is converted to metallic silver, which becomes visible in the tissue. 
Pneumocystis jiroveci can be detected by several staining techniques, including Toluidine blue 
O, Calcofluor white, GMS, and Giemsa. Multiple studies have compared the ease and accuracy 
in detecting Pneumocystis with these stains. A single stain has not emerged as being consistently 
superior to the others. The procedure described is for the microwave method and employs 2% 
chromic acid. The conventional method employs 5% chromic acid. The chromic acid solution 
must be changed if it turns brown. Additional online information is available at www.histonet.org 
andwww.library.med.utah.edu/WebPath/HISTHTML/MANUALS/MANUALS.html. 

GMS Staining Procedure 

1. Deparafhnize and hydrate to distilled water. 

2. Oxidize with chromic acid (2%) in a microwave set at high power for 40 to 50 sec and wait 
an additional 5 min. 

3. Wash in tap water for a few seconds and then wash in distilled water 3X. 

4. Rinse the slide in sodium metabisulfate (1%) at room temperature for 1 min to remove the 
residual chromic acid. 

5. Place the working methenamine silver solution in the microwave (high power) for 60 to 80 sec. 
Agitate the slide in the hot solution. The fungi should stain a light brown color at this stage. 

6. Rinse the slide in distilled water 2X. 

7. Tone in gold chloride (0.5%) for 1 min or until gray. 

8. Rinse in distilled water 2X. 

9. Remove the unreduced silver with sodium thiosulfate (2%) for 2 to 5 min. 

10. Rinse in tap water, followed by distilled water. 

11. Counterstain with diluted Light green (1:5) for 1 min. The optimal dilution of Light green 
can vary. 

12. Rinse in distilled water. 

13. Dehydrate, clear, and mount. 

Reagents 

1. Chromic acid (2%): Dissolve 2.0 g chromium trioxide in 100 mL distilled water. 

2. Sodium metabisulfate (1%): Dissolve 1.0 g sodium metabisulfate in 100 mL distilled water. 

3. Borax (5%): Dissolve 5.0 g sodium borate in 100 mL distilled water. 

4. Stock solution of methenamine silver: Add 5 ml silver nitrate (5%) to 100 mL of methe- 
namine (3%). Store the reagent in the refrigerator in a brown bottle. 

5. Working solution of methenamine silver: Add 25 mL distilled water and 2.5 mL borax 
(5%) to 25 mL methenamine silver stock solution. 

6. Gold chloride (0.5%): Dissolve 0.5 g gold chloride in 100 mL distilled water. 

7. Light green (0.2%): Dissolve 0.2 g Light green in 100 mL distilled water and add 0.2 mL 
glacial acetic acid. 
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TRICHROME STAIN 3 3 8 11 12 

Background for the Trichrome Stain 

The Wheatley Trichrome stain is the last part of a complete fecal examination and it usually 
follows a direct iodine wet mount and or parasite concentration technique. The Wheatley pro- 
cedure is a modification of the Gomori tissue stain. The procedure is the definitive method for 
the identification of protozoan parasites. Small protozoa that have been missed on wet mounts or 
concentration methods are often detected with the Trichrome stain. The Trichrome stain detects 
both trophozoites and cysts, and documents a permanent record for each observed parasite. The 
background material stains green; the cytoplasm of the cysts and trophozoites stain blue-green; 
and chromotoidal bodies (RNA), chromatin material, bacteria, and red blood cells stain red or 
purplish-red. Larvae or ova of some metazoans also stain red. Thin-shelled ova may collapse 
when mounting fluid is used. The fecal specimen may be fresh, fixed in polyvinyl alcohol (PVA), 
Schaudinn, or sodium acetate-acetic acid-formalin (SAF). The CDC has used various components 
of the Trichrome stain to detect Microsporiclium spores from the fecal component. The complete 
Chromotrope staining procedures are available at the CDC’s website (www.dpd.cdc.gov/DPDx/ 
HTML/DiagnosticProcedures.htm). 

Trichrome Staining Procedure 

1. Place the PVA smears in 70% ethanol/iodine solution for 10 min. This step can be elimi- 
nated if the fixative does not contain mercuric chloride. 

2. Transfer slide to 70% ethanol for 5 min. Repeat with a second 70% ethanol treatment for 3 
to 5 min. 

3. Stain in Trichrome for 10 min. 

4. Rinse quickly in 90% ethanol, acidified with 1% acetic acid, for 2 or 3 sec. 

5. Rinse quickly using multiple dips in 100% ethanol. Repeat the dipping in a fresh 100% 
ethanol. Make sure that each slide is destained separately using fresh alcohol. The most 
common mistake is excessive destaining. 

6. Transfer slides into 100% ethanol for 3 to 5 min. Repeat a second time. 

7. Transfer slide to xylene for 5 min. Repeat a second time. 

8. Mount with Permount. 

9. A 10X objective can be used to locate a good area of the smear. Then examine the smear 
under oil immersion and analyze 200 to 300 fields. 

Reagents 

1. 70% Ethanol with iodine: Add sufficient iodine to 70% ethanol to turn the alcohol a dark 
tea color (reddish-brown). If the ethanol/iodine reagent is too weak, the mercuric chloride 
will not be extracted from the specimen. The end result will be the formation of a crystal- 
line residue that will hamper the examination of the specimen. 

2. D’Antoni’s iodine: Dissolve 1 g potassium iodide and 1.5 g powdered iodine crystals in 
100 mL distilled water. 

3. Trichrome stain: Add 1 mL glacial acetic acid to the dry components of the stain, which are 
0.60 g Chromotrope 2R, 0.15 g Light green SF, 0.15 g Fast green, and 0.70 g phosphotungstic 
acid. The color should be purple. Dissolve all the reagents in 100 mL distilled water. 
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IRON HEMATOXYLIN STAIN 3 5 8 9 12 

Background for the Iron Hematoxylin Stain 

The Iron Hematoxylin stain is used to identify the trophozoites and cysts of the Protozoa group. It 
is less commonly used than the Trichrome stain. The cysts and the trophozoites stain a blue -gray to 
black, and the background material stains blue or pale gray. Helminthes eggs and larvae are usually 
difficult to identify because of excessive stain retention. Yeasts and human cells (red blood cells, 
neutrophils, and macrophages) are also detected by the stain. The stain can be used with fixatives 
that include PVA, SAF, or Schaudinn’s. Good fixation is the key in obtaining a well-stained fecal 
preparation. The simplest variation of the Iron Hematoxylin stain is the method of Tompkins and 
Miller. A modified Iron Hematoxylin stain that incorporates a Carbol-fuchsin step will detect some 
acid-fast parasites (including Cryptosporidium parum and Isospora belli). 

Iron Hematoxylin Stain Procedure 

1. Prepare a thin layer fecal smear and place it in fixative. If SAF is used, proceed to Step 4. 
Mayer’s albumin can be used to ensure that the specimen will adhere to the slide. 

2. Dehydrate the slide in ethanol (70%) for 5 min. 

3. Transfer slide in iodine ethanol (70%) for 2 to 5 min. The solution should have a strong 
tea color. 

4. Transfer the slide to 50% ethanol for 5 min. 

5. Wash the slide in a constant stream of tap water for 3 min. 

6. Transfer the slide into 4% ferric ammonium sulfate mordant for 5 min. 

7. Wash the slide in a constant stream of tap water for 1 min. 

8. Stain with Hematoxylin (0.5%) for 3 to 5 min. 

9. Wash in tap water for about 1 min. 

10. Destain the slide with 2% phosphotungstic acid for 2 min. 

11. Wash the slide in a constant stream of tap water. 

12. Transfer the slide to 70% ethanol that contains several drops of lithium carbonate (saturated). 

13. Transfer the slide to 95% ethanol for 5 min. 

14. Transfer the slide to 100% ethanol for 5 min. Repeat a second time. 

15. Transfer slide to xylene for 5 min. Repeat a second time. 

16. Mount with Permount. 

Reagents 

1. 70 % Ethanol/iodine: Add sufficient iodine to 70% ethanol to turn the alcohol a dark tea 
color (reddish-brown). 

2. D’Antoni’s iodine: Dissolve 1 g potassium iodide and 1.5 g powdered iodine crystals in 
100 mL distilled water. 

3. Iron Hematoxylin stain: Dissolve 10 g Hematoxylin in 1000 mL of 100% ethanol. Store 
the reagent at room temperature, 

4. Mordant: Dissolve 10 g ferrous ammonium sulfate and 10 g ferric ammonium sulfate in 
990 mL distilled water. Add 10 mL concentrated hydrochloric acid. 

5. Working Hematoxylin stain: Mix (1:1) the mordant and the Hematoxylin stain. 

6. Saturated lithium carbonate: Dissolve 1 g lithium carbonate in 100 mL distilled water. 
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PREPARATION OF BLOOD SMEARS FOR PARASITE EXAMINATION 3 5 8 12 

Trypanosoma, Babesia, Plasmodium, Leishmania, as well as most microfilariae, are detected from 
blood smears. Identification of these parasites is based on the examination of permanent blood 
films. The blood samples from malaria and babesia patients are best collected toward the end of a 
paroxysmal episode. Blood samples can be collected randomly from patients with trypanosomiasis. 
Blood samples should be collected after 10 p.m. on those microfilariae that exhibit nocturnal peri- 
odicity ( Wuchereria and Brugia). Blood samples should be collected between 11 a.m. and 1 p.m. 
if Loa Loa (diurnal periodicity) is suspected. Thick blood smears are typically used as a screen- 
ing tool, and thin blood smears are used to observe detailed parasite morphology. Blood parasites 
are usually identified from the thin films. The Giemsa, Wright, and Wright-Giemsa combination 
can be used to stain the blood smears. The Giemsa stains the cytoplasm of Plasmodium spp. blue, 
whereas the nuclear material stains red to purple, and Schuffners’s dots stain red. The cytoplasm of 
Trypanosomes, Leishmaniae, and Babesia will also stain blue and the nucleus stains red to purple. 
The sheath of microfilariae often fails to stain but the nuclei will stain blue/purple. 

Giemsa Staining Procedure for Thin Films 

1. Fix the blood films in 100% methanol for 1 min. 

2. Air dry the slides. 

3. Place the slides into the working Giemsa solution. The working solution is 1 part Giemsa stock 
(commercial liquid stain) and 10 to 50 parts phosphate (pH 7.0 to 7.2) buffer. Experimentation 
with several different staining dilutions/times is often required to obtain optimum results. 

4. Stain for 10 to 60 min. 

5. Briefly wash under water or in phosphate buffer. 

6. Wipe the stain off the bottom of the slide and air dry. 

Reagents 

1. Stock Giemsa commercial liquid stain: Dilute 1:10 with buffer for thin smears. 

2. Phosphate buffer, pH 7.0: Dissolve 9.3 g Na 2 HP0 4 in 1 L distilled water (Solution 1); and 
dissolve 9.2 g NaH 2 P0 4 H 2 0 in 1 L distilled water (Solution 2). Add 900 mL distilled water 
to a beaker and 61.1 mL Solution 1 and 38.9 mL Solution 2. This reagent is used to dilute 
the Giemsa stain. 

3. Triton phosphate buffered wash: Add 0.1 mL Triton X-100 to 1000 mL of the pH 7.0 
phosphate buffer. This is the wash; tap water can also be used. 
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INTRODUCTION 

With human infections caused by Gram-positive organisms on the rise, it is imperative that these 
organisms get identified as expeditiously as possible. However, because of the sheer multitude of 
Gram-positive organisms that are implicated in disease, identification of these organisms can be 
challenging. What follows is a synopsis of identification methods for Gram-positive organisms that 
can hopefully make the process easier. 

GRAM-POSITIVE COCCI 

Staphylococcus 

Colony Morphology: Colonies of Staphylococcus on sheep blood agar present themselves as 
smooth, yellow, white or off-white colonies somewhere in the area of 1 to 2 mm in diameter. 1 Colo- 
nies may exhibit (3-hemolysis and may show varying degrees of growth. Sometimes, the (3-hemolysis 
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is not evident after 24 hr of incubation and requires further incubation. Due to the varying degrees 
of colony size and color that may mimic other Gram-positive organisms such as streptococci and 
micrococci, identification of Staphylococcus can sometimes be problematic. CHROMagar (CHRO- 
Magar Company) is a type of media that can alleviate this problem. This differential media contains 
chromogenic substrates that yield a certain colony color. 2 

Quick Tests: Perhaps the most common quick test employed to help identify colonies of Staphy- 
lococcus is the catalase test. This simple test can differentiate off-white or gray colonies of Staphylo- 
coccus from Streptococcus and is an invaluable tool. The modified oxidase test is another quick test 
that can differentiate Staphylococcus from Micrococcus, as is the lysostaphin test (Remel). Differ- 
entiation among the staphylococci can be achieved by the coagulase test, which tests for both bound 
and free coagulase. Alternatively, there are a multitude of latex agglutination tests available. Slidex 
Staph (bioMerieux), Bacti Staph (Remel), Staphytect (Oxoid), Staphylase (Oxoid), Staph Latex Slide 
Test (Arlington Scientific), Staphtex (Hardy), and Set-RPLA Latex Staph (Denka-Seiken) are all 
latex agglutination tests for the identification of Staphylococcus aureus. In addition, there are a few 
kits that utilize passive hemagglutination for the identification of Staphylococcus aureus, such as 
Staphyslide (bioMerieux), HemaStaph (Remel), and StaphyloSlide (Becton-Dickinson). 3 ' 4 

Conventional Methods: Staphylococcus aureus can further be identified by its ability to pro- 
duce DNase and ferment mannitol. Both DNase agar and Mannitol Salt agar are readily available. 
When needed to speciate coagulase-negative staphylococci (CNS), there are a number of tests that 
can be employed. Carbohydrate utilization such as sucrose, xylose, trehalose, fructose, maltose, 
mannose, and lactose, as well as such tests as urease, nitrate reduction, and phosphatase, will all 
aid in the identification of CNS. Staphylococcus saphrophyticus is a frequent cause of urinary tract 
infections and can be identified by its resistance to novobiocin. Bacitracin, as well as acid production 
from glucose, are tests that can be employed to differentiate Staphylococcus from Micrococcus. 5 

Identification Strips: There are a number of manufacturers that have developed identification 
strips containing many of the aforementioned biochemicals. API ID 32 Staph (bioMerieux) and API 
STAPH (bioMerieux) utilize 10 and 19 tests, respectively, on their strips and are reliable in identify- 
ing most strains of CNS (coagulase-negative staphylococci). 6 

Automated Methods: The Vitek GPI card (bioMerieux), the MicroScan Rapid Pos Combo 
Panel and Pos ID 2 Panel (Dade/MicroScan), and the Phoenix Automated Microbiology System 
Panel (Becton Dickinson) are a few of the more common automated identification panels for staphy- 
lococcus as well as other Gram-positive organisms. 3, 7> 8 

Molecular Methods: Molecular methods have gained widespread popularity in the field of 
medical microbiology. GenProbe introduced its AccuProbe for Staphylococcus aureus culture con- 
firmation a number of years ago, and Roche Molecular Systems has developed a RT-PCR test for 
the detection of the mecA gene for use on its LightCycler. 9, 10 Table 5.1 summarizes all the available 
tests for Staphylococcus species. 

Micrococcus 

Colony Morphology: Colonies of micrococcus present as dull, white colonies that may produce a 
tan, pink, or orange color. They are generally 1 to 2 mm in diameter and can stick to the surface of 
the agar plate. 1 A Gram stain will assist in the preliminary identification, as micrococci appear as 
larger Gram-positive cocci arranged in tetrads. 

Quick Tests: The catalase test and the modified oxidase test are invaluable tools in helping to 
differentiate micrococci from staphylococci species. 

Conventional Tests: Glucose fermentation; lysostaphin; furazolidone, and bacitracin can all be 
used to separate micrococci from staphylococci. 11 

Identification Strips: The API ID 32 Staph identification strip (bioMerieux) can be utilized to 
identify Micrococcus species. 
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TABLE 5.1 

Identification Tests for Staphylococcus 

Catalase test 

Coagulase test 

Lysostaphin test 

Latex agglutination tests 

Passive hemagglutination tests 

DNase 

Mannitol salt 

Carbohydrate utilization 

Novobiocin disk 

Bacitracin disk 

API ID 32 Staph 

API STAPH 

Vitek GPI 

MicroScan Pos ID 2 

BD Crystal Gram- Positive ID 

AccuProbe 

LightCycler 



TABLE 5.2 

Identification Tests for Micrococcus 



Catalase test 
Modified oxidase test 
Lysostaphin 
Furazolidone 
Glucose fermentation 
Bacitracin disk 



API ID 32 Staph 
API STAPH 



Automated Methods: MicroScan has 2-hr Rapid Gram-positive panels that can identify most 
Micrococcus species. 

Table 5.2 summarizes all of the available tests for Micrococcus. 

Streptococcus , including Enterococcus 

Colony Morphology: Streptococcus colonies are typically smaller on sheep blood agar than Staph- 
ylococcus colonies and measure about 1 mm in diameter. Agar such as Columbia CNA and PEA 
can enhance the growth of streptococci, resulting in larger colony size. Perhaps the one characteris- 
tic that can aid in the separation of Streptococcus species is hemolysis. (3-Hemolysis, a-hemolysis, 
a-prime hemolysis, and y-hemolysis are all produced by members of the genus. 

Quick Tests: The catalase test is very useful in differentiating Staphylococcus colonies from 
Streptococcus colonies, especially y-hemolytic streptococci. After the colony has been tentatively 
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identified as strep, there are a number of latex agglutination and coagglutination tests that can 
provide definitive identification. Kits include Phadebact (Boule'), Streptex (Remel), Meritec-Strep 
(Utech), Patho-Dx (Remel), StrepPro (Hardy Diagnostics), StrepQuick (Hardy Diagnostics), Strep- 
tocard (BD), and Slidex Strep (bioMerieux). 3 Two useful tests to help aid in the identification of 
Enterococci are the pyrrolidonyl arylamidase (PYR) and leucine aminopeptidase (LAP) tests. These 
are available as disks (Remel) and can be inoculated directly with colonies for rapid identification. 
The DrySpot Pneumo (Oxoid) and the PneumoSlide (BD) are rapid tests for the identification of 
Streptococcus pneumoniae. 

Conventional Tests: Because there are a multitude of Streptococcus species implicated in 
human disease, there also exist a number of conventional tests to aid in the identification of strep- 
tococci. Conventional tests that aid in the identification of (3-hemolytic strep include the bacitracin 
disk, CAMP test, susceptibility to SXT, hippurate hydrolysis. Vogues Proskauer (VP), and PYR. 
a-Hemolytic strep can be identified using the optochin disk, bile solubility, esculin hydrolysis, 6.5% 
NaCl, arginine hydrolysis, and acid from mannitol. Enterococci can be identified utilizing bile 
esculin, 6.5% NaCl, SXT susceptibility, motility, pigment production, and VP. 11 

Identification Strips: The API Rapid ID 32 Strep and API 20 Strep (bioMerieux) and RapID 
STR strips (Remel) provide a number of biochemicals for the identification of streptococci, entero- 
cocci, and nutritionally variant strep. 12 The Remel BactiCard Strep is a card that has PYR, LAP, and 
ESC reactions encompassed on it. 

Automated Methods: The MicroScan Pos ID panel and the Vitek GPI card can be utilized for 
identification of strep. 

Molecular Methods: The Accu-Probe Enterococcus System is available. There are identifica- 
tion methods available on the LightCycler for Group A and Group B strep. In addition, the identifi- 
cation of the van A gene is available, 13 

Table 5.3 summarizes all of the available tests for Streptococcus and Enterococcus species. 
Aerococcus 

Colony Morphology: Aerococci appear as a-hemolytic colonies that closely resemble enterococci 
and the viridans streptococci. 

Quick Tests: Two tests that aid in the identification of Aerococcus species are PYR and LAP. 
Conventional Tests: Laboratory tests utilized for the identification and speciation of Aerococ- 
cus include bile esculin, 6.5% NaCl, hippurate hydrolysis, and acid production from sorbitol, lac- 
tose, maltose, and trehalose. 14 

ID Strips: The API Rapid ID 32 Strep strip contains biochemicals that can identify Aerococcus , 15 
Automated Methods: The Vitek GPI card can be used to identify Aerococcus . 11 

Leuconostoc 

Colony Morphology: Leuconostoc are small, a-hemolytic colonies. 

Quick Tests: The PYR and LAP disks can be utilized. 

Conventional Tests: Arginine dihydrolase, gas from glucose, resistance to vancomy- 
cin, lack of growth at 45°C, and esculin hydrolysis are all useful tests in the identification of 
Leuconostoc . 11 - 16 - 17 

ID Strips: The API Rapid ID 32 Strep. 

Automated Methods: Vitek GPI card. 

Pediococcus 

Colony Morphology: Pediococci are small, a-hemolytic colonies that resemble viridans strep. 
Quick Tests: The PYR and LAP discs can be used. 
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TABLE 5.3 

Identification Tests for Streptococcus 
and Enterococcus 

Hemolysis 

Catalase test 

Latex agglutination tests 

Coagglutination tests 

PYR test 

LAP test 

Bacitracin disk 

CAMP test 

SXT disk 

Hippurate hydrolysis 
Voges Proskauer 
Optochin disk 
Bile solubility 
Esculin hydrolysis 
Arginine hydrolysis 
Bile esculin 
6.5% NaCl 
Motility 

Pigment production 
Carbohydrate utilization 
API 20 STREP 
API Rapid ID 32 Strep 
MicroScan Pos ID 
Rapid ID STR 
LightCycler 



Conventional Tests: Conventional tests include acid production from glucose, arabi- 
nose, maltose, and xylose; lack of gas production in glucose, growth at 45°C, and resistance to 
vancomycin. 11 ’ 16 

ID Strips: None available. 

Automated Methods: Vitek GPI card. 

Table 5.4 summarizes all of the available tests for Aerococcus, Leuconostoc, and Pediococcus. 

Lactococcus 

Colony Morphology: Lactococci are small, a-hemolytic colonies that resemble enterococci and 
viridans strep. 

Quick Tests: LAP and PYR disks. 

Conventional Tests: Bile esculin; 6.5% NaCl; arginine dihydrolase; hippurate hydrolysis and 
acid from glucose, maltose, lactose, sucrose, mannitol, raffinose, and trehalose are all conventional 
tests that can be used. 11 - 16 

ID Strips: The API Rapid ID 32 Strep strip contains biochemicals for the identification of 
Lactococcus species. 

Automated Methods: Vitek GPI card. 

Gemella 

Colony Morphology: Colonies of Gemella closely resemble colonies of viridans streptococci. 
Quick Tests: The PYR disk can be used to aid in identification. 
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TABLE 5.4 

Identification Tests for Aerococcus, 
Leuconostoc and Pediococcus 

PYR test 

LAP test 

Bile esculin 

6.5% NaCl 

Hippurate hydrolysis 

Arginine hydrolysis 

Gas from glucose 

Resistance to vancomycin 

Growth/lack of growth at 45° C 

Carbohydrate utilization 

API 20STREP 



Conventional Tests: Conventional tests include esculin hydrolysis, reduction of nitrite, argi- 
nine dihydrolase, and acid production from glucose, mannitol, and maltose. 11 ’ 16 

ID Strips: The API Rapid ID 32 Strep, RapID STR, and API 20A (bioMerieux) can be used to 
identify Gemella. 

Automated Methods: The Vitek GPI card. 

Table 5.5 summarizes all the available tests for Lactococcus and Gemella. 



MISCELLANEOUS GRAM-POSITIVE COCCI 

There are a few organisms whose implication in human disease is questionable. Alloiococcus has 
been isolated from sputum, blood cultures, and tympanocentesis fluid; Rothia ( Stomatococcus ) has 
been isolated from blood cultures; Globicatella has been recovered from blood cultures; Helcococ- 
cus has been isolated from wounds; and Vagococcus is primarily zoonotic. Biochemical reactions 
for these organisms are shown in Table 5.6. 16 - 18 



TABLE 5.5 

Identification Tests for Lactococcus and 
Gemella 

LAP test 
PYR test 
Bile esculin 
6.5% NaCl 
Arginine hydrolysis 
Hippurate hydrolysis 
Nitrate reduction 
Carbohydrate utilization 
API 20STREP 
API RapidID 32Strep 
API 20A 
Vitek GPI 
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TABLE 5.6 

Identification Tests for Miscellaneous 
Gram-Positive Cocci 

a-Hemolysis 
LAP test 
PYR test 
Bile Esculin 
6.5% NaCl 
Motility 

Carbohydrate utilization 
Arginine hydrolysis 
Growth/lack of growth at 45 °C 



GRAM-POSITIVE BACILLI 

CORYNEBACTERIUM 

Colony Morphology: Colonies of Corynebacterium on 5% sheep blood agar appear as tiny, gray 
to white colonies that are generally non-hemolytic. Special media such as cysteine tellurite blood 
agar, and Tinsdale agar should be utilized whenever the Corynebacterium diphtheriae group is to 
be isolated. 

Quick Tests: The Gram stain can be an invaluable tool for the identification of Corynebacterium 
as they can be differentiated from Bacillus by their coryneform shape and size, and lack of spores. The 
catalase test is useful in differentiating Corynebacterium from Erysipelothrix and Lactobacillus. 

Conventional Tests: Useful tests for the identification of Corynebacterium include motility; 
lack of H 2 S production in a TSI slant; esculin; nitrate reduction; urease; as well as the carbohydrates 
glucose, mannitol, maltose, sucrose, xylose, and salicin. 19 ' 20 

ID Strips: API Coryne Strip (bioMerieux)and RapID CB Plus (Remel) are identification strips 
that can be used for the identification of Corynebacterium. 21 - 22 
Automated Methods: Vitek GPI Card. 

Table 5.7 summarizes all of the available tests for Corynebacterium. 



TABLE 5.7 

Identification Tests for Corynebacterium 

Catalase test 
Motility 

Esculin hydrolysis 
Nitrate reduction 
Lack of H 2 S production 
Urease 

Carbohydrate utilization 
API Coryne 
RapID CB Plus 
Vitek GPI 
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Bacillus 

Colony Morphology: Bacillus species have many variations of colony morphology. For exam- 
ple, Bacillus anthracis appear as non-hemolytic medium to large gray, flat colonies with irregular 
swirls, while Bacillus cereus appear as large, spreading (3-hemolytic colonies, and Bacillus subtilis 
appear as large, flat colonies that may be pigmented or (3-hemolytic. 

Quick Tests: The Gram stain and Spore stain are useful tools in identification. 

Conventional Tests: Motility; gas from glucose; starch hydrolysis, growth in nutrient broth 
with 6.5% NaCl; indole; nitrate reduction;VP; citrate, gelatin hydrolysis; esculin hydrolysis; growth 
at 42°C; and various carbohydrate fermentations such as glucose, maltose, mannitol, xylose, and 
salicin. Susceptibility to penicillin can also help in the presumptive identification of Bacillus 
anthracis , 23 

ID Strips: Microgen Bacillus ID (Microgen Bioproducts) and the API CHB (bioMerieux). 
Automated Methods: Vitek B card. 

Table 5.8 summarizes all the available tests for Bacillus. 

Listeria 

Colony Morphology: Colonies appear on sheep blood agar as small, translucent, and gray with a 
small zone of (3 -hemolysis. 

Quick Tests: Catalase and motility on a wet mount are useful. 

Conventional Tests: Growth at 4°C; esculin hydrolysis; motility; fermentation of glucose, tre- 
halose, and salicin; lack of H,S production; CAMP test. 24 

ID Strips: API Listeria strip, API Rapid ID 32 Strep, API Coryne strip, and Microgen Listeria 
ID (Microgen Bioproducts). 25 

Automated Methods: Vitek GPI Card. 

Molecular Methods: AccuProbe Listeria Identification Kit (GenProbe). 

Table 5.9 summarizes all of the available tests for Listeria. 

TABLE 5.8 

Identification Tests for Bacillus 

Spore stain 
Motility 

Gas from glucose 
Starch hydrolysis 
6.5% NaCl 
Indole 

Nitrate reduction 
Voges Proskauer 
Citrate 

Gelatin hydrolysis 
Esculin hydrolysis 
Growth at 42°C 
Carbohydrate fermentation 
Susceptibility to penicillin 
API CHB 
Microgen Bacillus 
Vitek B 
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TABLE 5.9 

Identification Tests for Listeria 

(3-Hemolysis 
Catalase test 
Motility (wet mount) 

Growth at 4°C 
Esculin hydrolysis 
Motility media 
Lack of H 2 S production 
CAMP test 

Carbohydrate fermentation 
API Listeria 
API RapidID32 Strep 
API Coryne 
Microgen Listeria 
Vitek GPI 

AccuProbe ListerialD 



Lactobacillus 

Colony Morphology: Lactobacillus can have a variety of colony morphologies, ranging from tiny, 
pinpoint, a-hemolytic colonies resembling viridans strep, to small, rough, gray colonies. 

Quick Tests: Gram stain and Catalases tests are useful in aiding in the identification. 
Conventional Tests: Fermentation of glucose, maltose, and sucrose as well as urease and nitrate 
reduction tests are helpful. 3 

ID Strips: API 20A and API CHL (bioMerieux) can be used to identify some strains of 
Lactobacillus. 

Automated Methods: Vitek ANI card. 

Table 5.10 summarizes all the available tests for Lactobacillus. 

Actinomyces, Nocardia, Streptomyces 

Colony Morphology: Colonies of Nocardia can vary but are commonly dry, chalky white in 
appearance, and can sometimes be (3-hemolytic on sheep blood agar with a late developing pig- 
ment. Streptomyces can appear as waxy, glabrous, heaped colonies. Actinomyces appear as white 
colonies with or without (3-hemolysis. 



TABLE 5.10 

Identification Tests for Lactobacillus 

Catalase test 
Urease 

Nitrate reduction 
Carbohydrate fermentation 
API CHL 
API 20A 
Vitek ANI card 




62 



Practical Handbook of Microbiology, Second Edition 



Quick Tests: Modified acid-fast stain and catalase tests. 

Conventional Tests: Caesin; tyrosine; xanthine; urease; gelatin hydrolysis; starch hydrolysis; 
nitrate reduction; lactose, xylose, rhamnose and arabinose fermentation. The BBL Nocardia Quad 
Plate (Becton-Dickinson) combines casein, tyrosine, xanthine and starch on one plate. 26-29 

ID Strips: Actinomyces: API Coryne, BBL Crystal, RapID ANA II (Remel), and Rap ID CB 
Plus. 30 - 31 

Automated Methods: Vitek ANI card. 

Table 5.11 summarizes all of the available tests for Actinomyces, Nocardia , and Streptomyces. 

Gardnerella 

Colony Morphology: Special media such as V agar and HBT agar must be used to isolate Gard- 
nerella vaginalis. Colonies appear as tiny (3-hemolytic after 48 hr. 

Quick Tests: Gram stain; catalase; oxidase. 

Conventional Tests: Hippurate hydrolysis; urease; nitrate reduction; a zone of inhibition with 
trimethoprim, sulfonamide, and metronidazole; fermentation of glucose, maltose, and sucrose. 32 
ID Strips: The API Rapid ID 32 Strep strip can be used to identify Gardnerella. 

Automated Methods: MicroScan HNID panel (Dade/MicroScan). 

Table 5.12 summarizes all of the available tests for Gardnerella. 

MISCELLANEOUS GRAM-POSITIVE RODS 

Arcanobacterium, Erysipelothrix, Kurthia, Rhodococcus, Gordona, Oerskovia, Dermatophilus, 
Actinomadura, Nocardiopsis, and Tsukamurella have all been implicated in human disease. 26 - 33-38 
Identification tests for these organisms appear in Table 5.13. 

ANAEROBIC GRAM-POSITIVE ORGANISMS 

Clostridium, Bifidobacterium, Peptostreptococcus, Finegoldia, Peptococcus, Micromonas, Egger- 
thella, Eubacterium, and Propionibacterium are all organisms that have been implicated in human 
disease. 39-45 Identification tests are listed in Table 5.14. 



TABLE 5.11 

Identification Tests for Actinomyces, 
Nocardia, and Streptomyces 

Modified acid-fast stain 

Casein 

Tyrosine 

Xanthine 

Urease 

Gelatin hydrolysis 
Nitrate reduction 
Carbohydrate fermentation 
API Coryne 
BBL Crystal 
RapID ANA II 
Rap ID CB Plus 
Vitek ANI card 
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TABLE 5.12 

Identification Tests for Gardnerella 

Catalase test 
Oxidase test 
Hippurate hydrolysis 
Urease 

Nitrate reduction 
Carbohydrate fermentation 

Zone of inhibition with trimethoprim, sulfonamide, and 
metronidazole 
API Rapid ID 32 Strep 
MicroScan HNID 



TABLE 5.13 

Identification Tests for Miscellaneous 
Gram-Positive Rods 

Arcanobacterium, Erysipelothrix, Kurthia 

Catalase test 
Nitrate reduction 
H 2 S production 
Motility 
Urease 
CAMP test 

Carbohydrate fermentation 
API Coryne 
Vitek GPI card 

Rhodococcus, Gordona, Oerskovia, 
Dermatophilus, Actinomadura , Nocardiopsis 

Pigment production 
Modified acid-fast stain 
Urease 

Nitrate reduction 
Anaerobic growth 
Motility 

Aerial mycelium 
API Coryne 
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TABLE 5.14 

Identification Tests for Anaerobic Gram- 
Positive Organisms 

Clostridium, Bifidobacterium, Eggerthella, 
Eubacterium, Propionibacterium 

Anaerobic growth 
[)- Hemolysis 
Kanamycin disk ( 1 mg) 

Colistin disk (10 g) 

Vancomycin disc (5 g) 

Indole 

Catalase 

Lecithinase 

Naegler test 

Reverse CAMP test 

Nitrate reduction 

Urease 

Arginine dihydrolase 
API 20A 

API Rapid ID 32A 
API Coryne 
API 50CH 
API ZYM 

BBL Crystal ANA ID 
Vitek ANI card 

Peptostreptococcus, Peptococcus, Finegoldia, 
Micromonas 

Catalase 

Indole 

API 20A 

API Rapid 32A 

BBL Crystal ANA ID 

Vitek ANI card 



REFERENCES 

1. Kloos, W.E. and Bannerman, T.L. Staphylococcus and Micrococcus, in Manual of Clinical Microbiol- 
ogy, 7th ed., Murray, P.R., Baron E.J., Pfaller, M.A., Tenover F.C., and Yolken R.H., Eds. American 
Society for Microbiology, Washington, DC, 1999, 264. 

2. Hedin, G. and Fang, H. Evaluation of two new chromogenic media, CHROMagar MRSA and S. aureus 
ID. for identifying Staphylococcus aureus and screening methicillin-resistant S. aureus. J. Clin. Micro- 
biol., 43, 4242, 2005. 

3. Forbes, B.A., Sahm, D.F.. and Weissfeld, A.S. Staphylococcus, Micrococcus and similar organisms, in 
Bailey and Scott’s Diagnostic Microbiology, Vol. 11. Mosby, Inc., St. Louis, MO, 2002, p. 285. 

4. Personne, P, Bes, M., Lina, G., Vandenesch, F., Brun, Y., and Etienne, J. Comparative performances of 
six agglutination kits assessed by using typical and atypical strains of Staphylococcus aureus. J. Clin. 
Microbiol., 35, 1138, 1997. 




Identification of Gram-Positive Organisms 



65 



5. Hansen-Gahrn, B., Heltberg, O., Rosdahl, V., and Sogaard, P. Evaluation of a conventional routine 
method for identification of clinical isolates of coagulase-negative Staphylococcus and Micrococcus 
species. Comparison with API-Staph and API Staph-Ident. Acta Pathol. Microbiol. Immunol. Scand., 
95, 283, 1987. 

6. Layer, F., Ghebremedhin, B.. Moder. K.A., Konig, W., and Konig, B. Comparative study using various 
methods for identification of Staphylococcus species in clinical specimens. J. Clin. Microbiol., 44, 
2824, 2006. 

7. Bannerman, T.L., Kleeman, K.T., and Kloos, W. Evaluation of the Vitek systems Gram-positive identifi- 
cation card for species identification of coagulase-negative Staphylococci. J. Clin. Microbiol., 31, 1322, 
1993. 

8. Salomon, J.. Dunk, T„ Yu, C., Pollitt, J., and Reuben, J. Rapid Automated Identification of Gram-Posi- 
tive and Gram-Negative Bacteria in the Phoenix System. Abstr. 99th General Meeting ASM, 1999. 

9. Chapin, K. and Musgnug, M. Evaluation of three rapid methods for the direct identification of Staphy- 
lococcus aureus from positive blood cultures. J. Clin. MicrbioL, 41, 4324, 2003. 

10. Shrestha, N.K., Tuohy, M.J., Padmanabhan, R.A., Hall, G.S., and Procop, G.W. Evaluation of the Light- 
Cycler Staphylococcus M grade kits on positive blood cultures that contained Gram-positive cocci in 
clusters. J. Clin. Microbiol., 43, 6144, 2005. 

11. Bascomb, S. and Manafi, M. Use of enzyme tests in characterization and identification of aerobic and 
faculatatively anaerobic Gram-positive cocci. Clin. Microbiol. Rev., 11, 318, 1998. 

12. Sader, H.S., Biedenbach, D., and Jones, R.N. Evaluation of Vitek and API 20S for species identification 
of enterococci. Diagn. Microbiol. Infect. Dis., 22, 315, 1995. 

13. Sloan, L.M., Uhl, J.R., Vetter, E.A., Schleck, C.D., Harmsen, W.S., Manahan, J., Thompson, R.L., 
Rosenblatt, J.E., and Cockerill III, F.R. Comparison of the Roche LightCycler vanA/vanB detection 
assay and culture for detection of vancomycin-resistant enterococci from perianal swabs. J. Clin. Micro- 
biol.. 42, 2636, 2004. 

14. Zhang, Q., Kwoh, C., Attorra, S., and Clarridge, III, J.E. Aerococcus urinae in urinary tract infections. 
J. Clin. Microbiol., 38, 1703, 2000. 

15. You, M.S. and Facklam, R.R. New test system for identification of aerococcus, enterococcus and strep- 
tococcus species. J. Clin. Microbiol., 24, 607, 1986. 

16. Facklam, R. and Elliott, J. Identification, classification and clinical relevance of catalase-negative, 
Gram-positive cocci, excluding the streptococci and enterococci. Clin. Microbiol. Rev., 8, 479, 1995. 

17. Bjorkroth, K.J., Vandamme, P„ and Korkeala, H.J. Identification and characterization of Leuconostoc 
canosum, associated with production and spoilage of vacuum-packaged, sliced, cooked ham. Appl. 
Environ. Microbiol., 64, 3313, 1998. 

18. Clinical Microbiology Proficiency Testing Synopsis. Blood Culture Isolate: Rothia mucilaginosa ( Sto - 
matococcus mucilaginosus) — Nomenclature Change. M031-4, 2003. 

19. von Graevenitz, A. and Funke, G. An identification scheme for rapidly and aerobically growing Gram- 
positive rods. Zentralbl. Bakteriol., 284, 246, 1996. 

20. Fruh, M., von Graevenitz, A., and Funke, G. Use of second-line biochemical and susceptibility tests for 
the differential identification of coryneform bacteria. Clin. Microbiol. Infect., 4, 332, 1998. 

21. Hudspeth, M.K., Gerardo, S.H., Citron, D.M., and Goldstein, E.J. Evaluation of the RapID CB Plus 
System for identification of Corynebacterium species and other Gram-positive rods. J. Clin. Microbiol., 
36, 543, 1998. 

22. Gavin, S.E., Leonard, R.B., Briselden, A.M., and Coyle, M.B. Evaluation of the Rapid CORYNE Iden- 
tification System for Corynebacterium species and other coryneforms. J. Clin. Microbiol., 30, 1692, 
1992. 

23. Koneman, E., Allen, S., Janda, W., Schreckenberger, P., and Winn, W. 1997. Color Atlas and Textbook 
of Diagnostic Microbiology, 5th ed. Lippincott Williams & Wilkins, Philadelphia, PA. 

24. Kerr, K.G. and Lacey, R.W. Isolation and identification of listeria monocytogenes. J. Clin. Pathol, 44, 
624, 1991. 

25. Kerr, K.G., Hawkey, P.M., and Lacey. R.W. Evaluation of the API Coryne System for identification of 
Listeria species. J. Clin. Microbiol., 31, 750. 1993. 

26. Funke, G., von Graevenitz, A., Clarridge III. J.E., and Bernard, K.A. Clinical microbiology of Coryne- 
form bacteria. Clin. Microbiol Rev., 10, 125, 1997. 

27. Kiska, D.L., Hicks, K., and Pettit, D. J. Identification of medically relevant Nocardia species with a bat- 
tery of tests. J. Clin. Microbiol., 40, 1346, 2002. 




66 



Practical Handbook of Microbiology, Second Edition 



28. Wauters, G., Avesani, V., Charlier, J„ Janssens. M., Vaneechoutte, M., and Delmee, M. Distribution 
of Nocardia species in clinical samples and their routine rapid identification in the laboratory. J. Clin. 
Microbiol. 43, 2624, 2005. 

29. Mossad, S., Tomford, J., Stewart, R., Ratliff, N., and Hall, G. Case report of Streptomyces endocarditis 
of a prosthetic aortic valve. J. Clin. Microbiol, 33, 3335, 1995. 

30. Santala, A., Sarkonen, N., Hall, V., Carlson P., Jousimies-Somer, H., and Kononen, E. Evaluation of 
four commercial test systems for identification of actinomyces and some closely related species. J. Clin. 
Microbiol. 42, 418, 2004. 

31. Morrison, J.R. and G.S. Tillotson, G.S. Identification of Actinomyces (Corynebacterium) pyogenes with 
the API 20 Strep System. J. Clin. Microbiol, 26, 1865, 1988. 

32. Piot, P, Van Dyck, E., Totten, P., and Holmes, K. Identification of Gardnerella (Haemophilus) vaginalis. 
J. Clin. Microbiol., 15, 19, 1982. 

33. Dobinsky, S„ Noesselt, T„ Rucker, A., Maerker, J., and Mack, D. Three cases of Arcanobacterium hae- 
molyticum associated with abscess formation and cellulitis. Eur. J. Clin. Microbiol Inf. Dis., 18, 804, 
1999. 

34. Reboli, A.C. and Farrer, W.E. Erysipelothrix rhusiopathiae: an occupational pathogen. Clin. Microbiol. 
Rev., 2, 354, 1989. 

35. Lejbkowicz, F., Kudinsky, R., Samet, L., Belavsky, L., Barzilai, M., and Predescu, S. Identification of 
Nocardiopsis dassonvillei in a blood sample from a child. Am. J. Infect. Dis., 1, 1, 2005. 

36. Rihs, J.D., McNeil, M.M., Brown, J.M., and Yu, V.L. Oerskovia xanthineolytica implicated in perito- 
nitis associated with peritoneal dialysis: case report and review of Oerskovia infections in humans. J. 
Clin. Microbiol., 28, 1934, 1990. 

37. Gil-Sande. E., Brun-Otewro, M„ Campo-Cerecedo, F„ Esteban, E., Aguilar, L., and Garcia-de-Lomas, 
J. Etiological misidentification by routine biochemical tests of bacteremia caused by Gordonia terrea 
infection in the course of an episode of acute cholecystitis. J. Clin. Microbiol., 44, 2645, 2006. 

38. Woo, P.C., Ngan, A.H., Lau, S.K., and Yuen, K.Y. Tsukamurella conjunctivitis: a novel clinical syn- 
drome. J. Clin. Microbiol., 41, 3368, 2003. 

39. Brazier, J., Duerden, B., Hall, V„ Salmon, J., Hood, J., Brett, M., McLauchlin, J., and George, R. Isola- 
tion and identification of Clostridium ssp. from infections associated with the injection of drugs: experi- 
ences of a microbiological investigation team. J. Med Microbiol, 51, 985, 2002. 

40. Ha, G.Y., Yang, C.H., Kim, H., and Chong, Y. Case of sepsis caused by Bifidobacterium longum. J. Clin. 
Microbiol., 37, 1227, 1999. 

41. Kageyama, A., Benno, Y., and T. Nakase, T. Phylogenic evidence for the transfer of Eubacterium len- 
tum to the genus Eggerthella as Eggerthella lenta gen. nov., comb. nov. Inter. J. Sys. Bacter., 49, 1725, 
1999. 

42. Bassetti, S., Laifer, G., Goy, G.. Fluckiger, U., and Frei, R. Endocarditis caused by Finegoldia magna 
(formally Peptostreptococcus magnus ): diagnosis depends on the blood culture system used. Diag. 
Microbiol. Inf. Dis,. 47, 359, 2003. 

43. Collins, M„ Lawson, P, Willems, A., Cordoba, J., Fernandez-Garayzabal, J., and Garcia, P. The phylog- 
eny of the genus Clostridium : proposal of five new genera and eleven new species combinations, hit. J. 
Syst. Bacteriol,. 44, 812, 1994. 

44. Jouseimies-Somer, H., Summanen, P, Citron, D., Baron, E., Wexler, H., and Finegold, S. 2002. Wad- 
sworth-KTL Anaerobic Bacteriology Manual, 6th edition. Star Publishing, Belmont, CA. 

45. Cavallaro, J., Wiggs, L., and Miller, M. Evaluation of the BBL crystal anaerobic identification system. 
J. Clin. Microbiol, 35, 3186, 1997. 





Identification of Aerobic 
Gram-Negative Bacteria 



Donna J. Kohlerschmidt , Kimberlee A. Musser, 
and Nellie B. Dumas 



CONTENTS 

Introduction 67 

Characteristics for Initial Identification 68 

Gram Stain 68 

Colony Morphology 70 

Pigment Production 70 

Growth on MacConkey Agar 70 

Triple Sugar Iron (TSI) Agar 71 

Oxidase 71 

Additional Conventional Biochemical Tests 71 

Acid from Carbohydrates 72 

Catalase 72 

Citrate Utilization 72 

Decarboxylation of Lysine, Arginine, and Ornithine 73 

Indole Production 73 

Motility 73 

Methyl Red-Voges Proskauer (MR-VP) 74 

Nitrate Reduction 74 

Urease 75 

Commercial Identification Systems 75 

Molecular Analysis 75 

Acknowledgments 76 

References 76 



INTRODUCTION 

Aerobic gram-negative bacteria are ubiquitous. Many are found throughout the environment and 
distributed worldwide. Other gram-negative bacteria are established as normal flora in human and 
animal mucosa, intestinal tracts, and skin. Many of these organisms are typically harmless, and 
several are even beneficial. Others account for a large percentage of food-borne illness, and some 
have been identified as potential weapons of bioterrorism. The identification of these organisms is 
necessary in many circumstances. The clinical bacteriologist identifying the pathogen responsible 
for the severe, bloody diarrhea of a hospitalized young child; an environmental laboratory identify- 
ing the bacterial contaminant that forced a recall of a commercial product; the researcher identify- 
ing and characterizing the bacteria that are degrading chemical pollutants in a river — all of these 
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scientists find themselves faced with the task of identifying aerobic gram-negative bacteria. This 
can be accomplished using a variety of methods. It often involves a combination of conventional 
phenotypic tests based on biochemical reactions, commercial kits or systems, and/or molecular 
analysis. 

This chapter addresses the Gram stain and cellular morphology of bacteria, which are key 
features for preliminary identification of the gram-negative genera. Descriptions are given of some 
fundamental phenotypic characteristics including growth on trypticase soy agar (TSA) with 5% 
sheep blood, growth on MacConkey agar, glucose fermentation, oxidase detection, and pigment 
production. 

In general, gram-negative bacteria can be divided into two groups based on their ability to fer- 
ment glucose and produce acid in triple sugar iron (TSI) agar or Klingler’s iron agar (KIA) as shown 
in Figure 6.1 and Figure 6.2. Descriptions of ten additional conventional biochemical tests that can 
be used to further characterize a gram-negative bacterium are included in this chapter: motility, 
acid from carbohydrates, catalase, citrate, decarboxylases, indole, methyl red, Voges-Proskauer, 
urease, and nitrate. However, there are many bacteria that are difficult to identify solely by conven- 
tional biochemical tests. Many reference laboratories use specific PCR or real-time PCR assays to 
assist in the identification of gram-negative bacteria, as well as 16S rRNA gene sequence analysis to 
identify unusual members of this group, when conventional methods give problematic results. 

The identification algorithms in Figures 6.1 and 6.2 do not include those gram-negative bacte- 
ria that are incapable of growing on TSA with 5% sheep blood. For example, most Haemophilus 
species will grow only on chocolate agar, Legionella species require L-cysteine and will grow on 
buffered charcoal-yeast extract media, and growth of Bordetella pertussis requires the supplements 
contained in Bordet-Gengou or charcoal-horse blood agar. The reader can consult References 27 
through 31 for identification algorithms for these organisms. 

Laboratory protocols for the identification of unknown gram-negative bacteria should also 
include procedures for the safe handling of potential pathogens. If a Select Agent (potential bio- 
terrorism threat agent), for example Francisella tularensis, Burkholderia mallei, Burkholderia 
pseudomallei. Brucella sp., or Yersinia pestis, is suspected at any point during the identification 
process, culture work on the open lab bench should cease immediately, and a biological safety 
cabinet should be used if further testing is necessary. An appropriate reference laboratory should be 
contacted to arrange the shipment of the specimen for complete or confirmatory identification. 

CHARACTERISTICS FOR INITIAL IDENTIFICATION 

Identification schemes for gram-negative organisms that grow on 5% sheep blood agar begin with 
performing a Gram stain, observing colony morphology, and assessing the organism’s ability to 
ferment glucose and grow on MacConkey agar. Figures 6.1 and 6.2 show a strategy to divide gram- 
negative organisms based on Gram stain cellular morphology, TSI reaction, cytochrome oxidase 
production, pigment production, and growth on MacConkey agar. Detailed algorithms for the 
preliminary identification of gram-negative bacteria have been published by Schreckenberger and 
Wong; 8 by York, Schreckenberger, and Miller; 9 and by Weyant et al. 2 

Gram Stain 

Performing a Gram stain of bacterial growth from isolated colonies should be one of the first steps 
in identifying an unknown bacterium. Gram-negative organisms have a cell wall composed of a 
single peptidoglycan layer attached to a lipopolysaccharide -phospholipid bilayer outer membrane 
with protein molecules interspersed in the lipids. Decolorizing with alcohol damages this outer 
membrane and allows the crystal violet-iodine complex to leak out. The organism then takes up the 
red color of the safranin counterstain. 1 Once proven to be gram-negative, bacteria can be further 
differentiated based on their cellular morphology. They may appear as pronounced rods, as seen in 
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d Data from references 2, 3, 11-15, 24, and 25. 



FIGURE 6.1 Gram-negative organisms that grow on TSA with 5% sheep blood and do not ferment 
glucose. 
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FIGURE 6.2 Gram-negative organisms that grow on TSA with 5% sheep blood and ferment glucose. 
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most Enterobacteriaceae and many Pseudomonas species; as gram-negative cocci, such as Neisse- 
ria species and Moraxella catarrhalis; or as oval coccobacilli, as seen in Haemophilus, Francisella, 
and Acinetobacter species. 

Even an experienced microbiologist might have difficulty distinguishing between true cocci and 
coccobacilli in some cases. Growth of cultures in the presence of low levels of penicillin can cause 
the bacteria to reveal their true nature. Organisms that normally divide and produce short rods will 
instead continue to grow and produce filaments when exposed to penicillin. Gram stains made 
from growth at the edge of the zone of inhibition around a 10-pg penicillin disk will show either 
enlarged cocci if the organism is a true coccus, or long filaments if the organism is a gram-negative 
coccobacillus or rod. 2 

Colony Morphology 

Colonies of most members of the Enterobacteriaceae family tend to be large and moist, and grow 
well on TSA with 5% sheep blood after 24 hr of incubation. Neisseria species have smaller but 
distinct colonies after 24 hr. Nonfermentative gram-negative rods and fastidious fermenters may 
require 48 hr or more of incubation before growth is evident. Many gram-negative organisms pro- 
duce extracellular enzymes that lyse the red blood cells in the agar. Escherichia coli, Morganella 
morganii. Pseudomonas aeruginosa, Aeromonas hydrophila, and commensal Neisseria species can 
be recognized by the presence of complete clearing of the red blood cells around the colonies (13- 
hemolysis) on blood agar. Colonies of Eikenella corroclens and Alcaligenes faecalis produce only 
partial lysis of the cells, forming a greenish discoloration (a-hemolysis) around the colony. 3 Colo- 
nies of Proteus mirabilis and Proteus vulgaris are distinctive because of their “swarming” edges 
that can spread to cover the entire plate. Photorhabdus species, usually associated with nematodes 
but recently reported to also cause human infections, are bioluminescent: the colonies emit light 
when examined under conditions of total darkness. 4 - 32 

Pigment Production 

Gram-negative bacteria can produce a number of pigments that are helpful in establishing a species 
identification. Some pigments are water-insoluble and give color to the bacterial colonies themselves. 
These include carotenoids (yellow-orange), violacein pigments (violet or purple), and phenazines 
(red, maroon, or yellow). Other pigments such as pyocyanin and pyoverdin are water-soluble and 
diffusible. They confer color to the medium surrounding the colonies as well as to the colonies them- 
selves. Media formulations developed specifically to detect pigment production contain special pep- 
tones and an increased concentration of magnesium and sulfate ions. 3 Pigment can also be observed 
in growth on TSA with 5% sheep blood, brain heart infusion agar (BHI), or Loeffler’s agar. 

Enterobacter species and the nonfermentative gram-negative rods Chryseobacterium, Agro- 
bacterium, and Sphingomonas species can be distinguished from related organisms by their yellow 
pigment. Burkholderia cepacia complex or Burkholderia gladioli can be suspected when a colony 
of a nonfermentative gram-negative rod displays a yellow-brown pigment. Chromobacterium viola- 
ceum produces violet pigment while colonies of Roseomonas, Methylobacterium, and some species 
of Serratia appear pink to red. The fluorescent Pseudomonas group is distinguished from other 
nonfermentative gram-negative rods by the production of the fluorescent pigment pyoverdin. Pseu- 
domonas aeruginosa isolates may produce both pyoverdin and the blue-green pigment pyocyanin. 3 

Growth on MacConkey Agar 

The ability of an organism to grow and to ferment lactose on MacConkey agar offers clues to the 
organism’s identification. MacConkey agar contains crystal violet and bile salts, which are inhibi- 
tory to most gram-positive organisms and certain gram-negatives. 5 Enterobacteriaceae will grow 
on MacConkey agar in 24 to 48 hr, while fastidious fermenters and nonfermentative gram-negative 
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organisms may take up to 7 days for growth to appear. Most Moraxella species and most species 
of Neisseria can be distinguished from related organisms by their inability to grow on MacConkey 
agar. MacConkey agar also contains lactose and a neutral red indicator, which can further help 
characterize the organism. Gram-negative organisms that ferment lactose, such as Klebsiella pneu- 
moniae and strains of Escherichia coli , will develop into purple colonies as the neutral red indicator 
changes due to the production of acids. Organisms that do not ferment lactose, such as Proteus or 
Pseudomonas species, appear colorless or transparent. 

Triple Sugar Iron (TSI) Agar 

TSI agar can be used to determine whether an organism is capable of fermenting glucose. This 
media contains glucose, lactose, and sucrose in a peptone and casein base with a phenol red pH 
indicator. 3,6 ’ 7 An agar slant is inoculated by first stabbing through the center of the medium and then 
streaking the surface of the slant, using an inoculum of 18- to 24-hr growth. If the organism is able 
to ferment glucose, acid will be produced in the agar, lowering the pH and changing the color of 
the medium from red to yellow. If gas is produced during fermentation, bubbles will form along the 
stab line, fracturing or displacing the medium. Most species of Enterobacteriaceae and Aeromonas 
will produce an acid reaction, often with the production of gas, after 24 hr of incubation at 35° to 
37°C. Pasteurella, Eikenella, and other fastidious fermentative gram-negative rods will produce a 
weak acid reaction that may take up to 48 hr to appear, and typically will have no gas formation. 
Pseudomonas species, Moraxella species, and other nonfermentative gram-negative organisms will 
show no color change on TSI medium, or will produce a pink, alkaline reaction as the bacteria break 
down the peptones in the agar base. 

Oxidase 

The oxidase test determines the ability of an organism to produce cytochrome oxidase enzymes. 
A phenylenediamine reagent is used as an electron acceptor. In the presence of atmospheric oxy- 
gen and the enzyme cytochrome oxidase, the reagent is oxidized to form a deep blue compound, 
indol phenol. Two different reagents are commercially available: (1) tetramcthyl-/j-phenylenedi- 
amine dihydrochloride (Kovac’s formulation) and (2) dimethyl-/?-phenylenediamine dihydrochlo- 
ride (Gordon and McLeod’s reagent). The tetramethyl derivative is the more stable of the two, is less 
toxic, and is more sensitive in detecting weak results. 2, 3 Oxidase can be detected by adding drops 
of the test reagent directly onto 18- to 24-hr-old growth on a culture plate. Colonies will become 
blue if cytochrome oxidase is produced. An alternate, more sensitive oxidase test method uses filter 
paper saturated with reagent. A loopful of organism from an 18- to 24-hr-old culture is inoculated 
onto filter paper. Growth should be taken from a medium that contains no glucose. Development 
of a blue color at the site of inoculation within 10 to 30 sec indicates a positive reaction. Care must 
be taken to avoid using metal loops, which can give a false-positive reaction. 2 All members of the 
Enterobacteriaceae except Plesiomonas shigelloides are negative for oxidase. Aeromonas , Vibrio, 
Neisseria, Moraxella, and Campylobacter are all positive for oxidase, as are most Pseudomonas 
species. Acinetobacter species can be distinguished from other similar nonfermentative gram-nega- 
tive rods by a negative oxidase reaction. 

ADDITIONAL CONVENTIONAL BIOCHEMICAL TESTS 

Gram-negative organisms can be further characterized phenotypically using a battery of media 
and substrates. The pattern of reactions is then compared with charts in the literature 2-4 - 10-17 ’ 24, 25 
to arrive at a definitive identification. What follows is a brief description of some key tests used for 
identifying gram-negative organisms to the species level. More detailed descriptions of these test 
methods have been published elsewhere. 3 ’ 6 - 7 - 18 
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Acid from Carbohydrates 

Many identification schemes for gram-negative organisms rely on the determination of the organ- 
ism’s ability to produce acid from a variety of carbohydrates. Acid can be produced by either fer- 
mentation or oxidation. Fermentative organisms are tested using a 1% solution of carbohydrate in 
peptone water containing a pH indicator. Different media formulations may incorporate bromcresol 
purple, phenol red, or Andrade’s indicator with acid fuchsin. 2 - 3 - 7 - 18 Ten to twelve different carbohy- 
drates are inoculated with a suspension of the organism in saline or in broth without glucose. After 
1 to 5 days of incubation at 35° to 37°C if the organism is capable of fermenting the carbohydrate, 
the resulting acid will change the color of the pH indicator. The tube will become yellow if brom- 
cresol purple or phenol red is used as an indicator, or pink if Andrade’s indicator is used. 

Nonfermentative organisms may produce acid from carbohydrates by oxidation. This can be 
detected using Hugh and Leifson’s Oxidation-Fermentation (OF) basal medium, a semi-solid pep- 
tone base with a bromthymol blue indicator and 1% concentration of carbohydrates. Two tubes of 
each carbohydrate are inoculated with the test organism by stabbing an inoculation needle into the 
center of the semi-solid medium. The medium in one tube of each set is overlaid with sterile mineral 
oil. The second tube is left with the cap loosened. Both tubes are incubated at 35° to 37°C for up to 
10 days. If the isolate oxidizes the carbohydrate, acid will be produced in the presence of oxygen, 
causing a yellow color change in the tube with no oil. If the isolate ferments the carbohydrate, an 
acid change will occur in the tube overlaid with oil. An organism that is neither oxidative nor fer- 
mentative may produce an alkaline (blue) reaction in the open tube if the organism breaks down 
peptones in the medium base. 2, 3 - 2 18 

Catalase 

The enzyme catalase breaks down hydrogen peroxide to form oxygen gas and water. When drops 
of 3% hydrogen peroxide are added to 18- to 24-hr growth of an organism, bubbles will form if 
the organism is producing the catalase enzyme. Any medium containing whole blood should not 
be used for catalase testing because red blood cells contain catalase and can cause a false-positive 
result. Although it contains blood, chocolate agar can be used for the catalase test because the red 
blood cells have been destroyed in preparing the media. 6 The catalase reaction is useful to differ- 
entiate Kingella species, which are catalase-negative, from most other fastidious fermenters and 
from Moraxella species, which are catalase-positive. Neisseria gonorrhoeae is strongly positive 
when 30% hydrogen peroxide (superoxol) is used. This characteristic is often included as part of a 
presumptive identification for Neisseria gonorrhoeae from selective media. 10 - 18 

Citrate Utilization 

The ability of a bacterium to use citrate as a sole source of carbon is an important characteristic in 
the identification of Enterobacteriaceae. Simmon’s citrate medium formulation includes sodium 
citrate as the sole source of carbon, ammonium phosphate as the sole source of nitrogen, and the 
pH indicator bromthymol blue. The agar slant is inoculated lightly and incubated at 35° to 37°C 
for up to 4 days, keeping the cap loosened because the reaction requires oxygen. If the organism 
utilizes the citrate, it will grow on the agar slant and break down the ammonium phosphate to form 
ammonia. This will cause an alkaline pH change, turning the pH indicator from green to blue. 3 - 6 - 7 
Escherichia coli and Shigella species are citrate negative, while many other Enterobacteriaceae 
are citrate positive. Among nonfermentative gram-negative rods, Alcaligenes faecalis and Achro- 
mobacter xylosoxidans are consistently positive for citrate utilization, while Moraxella species are 
consistently negative. A positive citrate reaction helps to distinguish Roseomonas gilardii from 
Methylobacterium species. 




Identification of Aerobic Gram-Negative Bacteria 



73 



Decarboxylation of Lysine, Arginine, and Ornithine 

This test determines whether an organism possesses decarboxylase enzymes specific for the amino 
acids lysine, arginine, and ornithine. Moeller’s decarboxylase medium is commonly used, contain- 
ing glucose, the pH indicators bromcresol purple and cresol red, and 1% of the L (levo) form of the 
amino acid to be tested. A control tube containing the decarboxylase base with no amino acid is 
inoculated in parallel. All tubes are overlaid with oil because decarboxylation requires anaerobic 
conditions. If the organism possesses the appropriate enzyme, hydrolyzation of the amino acid will 
occur, forming an amine and producing an alkaline pH change, A positive reaction will result in a 
purple color change. A negative reaction will retain the color of the base or become acidic (yellow) 
due to fermentation of glucose in the medium. 3 ’ 6 - 7 - 18 Fermentative gram-negative rods require a light 
inoculum and 24 to 48 hr of incubation. Nonfermenters, however, may produce a weaker reaction 
and often need a heavy inoculum and prolonged incubation before a color change occurs. Decreas- 
ing the volume of substrate used can also enhance reactions in weakly positive organisms. 3 

Lysine, arginine, and ornithine reactions are key tests that help differentiate among the genera 
and species of the Enterobacteriaceae. For example, many species of Citrobacter and Enterobacter 
are positive for arginine and ornithine, while Klebsiella species are often only positive for lysine, 
and Yersinia species are typically positive for ornithine. Lecleria adecarboxylata is unable to decar- 
boxylate any of the three amino acids, while Plesiomonas shigelloides is positive for all three. 
Among nonfermentative gram-negative rods, a positive arginine dihydrolase reaction is character- 
istic of Pseudomonas aeruginosa and the select agents Burkholderia mallei and Burkholderia pseu- 
domallei. A positive lysine decarboxylase reaction is useful in distinguishing Burkholderia cepacia 
complex and Stenotrophomonas maltophilia from most other nonfermenting gram-negative rods. 

Indole Production 

The indole production test distinguishes organisms that produce tryptophanase, an enzyme capable 
of splitting the amino acid tryptophan to produce indole. Aldehyde in the test reagent reacts with 
indole to form a red-violet compound. 3 ’ 18 The test can be performed in a variety of ways. A spot 
indole test is useful for rapid indole producers such as Escherichia coli. A drop of Kovac’s reagent, 
containing 5% p-dimethylaminobenzaldehyde, is placed on the colony on an agar surface or on a 
colony picked up on a swab. The colony will form a red to pink color if positive. 

Liquid or semisolid medium that has high tryptone content can be used for a tube test for indole. 
The medium is inoculated and incubated for 24 to 48 hr. A few drops of Kovac’s reagent are added. 
If the organism produces tryptophanase, a pink color will develop at the meniscus. 3 - 6 - 18 Escherichia 
coli and several other Enterobacteriaceae are indole positive and can be tested using this method. 

For weakly reacting nonfermenters and fastidious organisms, Ehrlich’s reagent, containing 1% 
p-dimethylaminobenzaldehyde, can be used. In this method, 0.5 mL xylene is added to the organ- 
ism growing in tryptone broth, in order to extract small quantities of indole, if present. The mix- 
ture is vortexed and allowed to settle. Six drops of Ehrlich's reagent are then added to the tube. If 
positive, a pink color will form below the xylene layer. 3 - 6 - 18 Cardiobacterium hominis and several 
nonfermentative gram-negative rods, including Chryseobacterium indologenes, will be indole posi- 
tive by this method. 

Motility 

Motility is demonstrated macroscopically by making a straight stab of growth into semisolid 
medium, incubating for 24 to 48 hr at 35° to 37°C, and then observing whether the organism 
migrates out from the stab line, causing visible turbidity in the surrounding medium. 6 Various for- 
mulations of motility medium are available. Enterobacteriaceae can be tested in a 5% agar medium 
with a tryptose base. Incorporation of 2,3,5-triphenyltetrazolium chloride (TTC) into this medium 
can help in visualizing the bacterial growth. TTC causes the bacterial cells to develop a red pigment 




74 



Practical Handbook of Microbiology, Second Edition 



that can aid in the interpretation of the motility reaction. Nonfermentative gram-negative organisms 
that fail to grow in 5% agar medium can be tested using 3% agar in a base containing casein peptone 
and yeast extract. Fastidious organisms may demonstrate motility better in a 1% agar base contain- 
ing heart infusion and tryptose. 5 Shigella species and Klebsiella species are always nonmotile. 
Pseudomonas aeruginosa and Achromobacter xylosoxidans are both motile. Yersinia enteroco- 
litica is often nonmotile at 35° to 37°C but motile at 28°C. 

Motility may be difficult to demonstrate in semi-solid medium if the organism grows slowly. 
Use of a wet mount made from a suspension of growth in water or broth may enable weak motil- 
ity to be detected. The mount is observed with the 40X or 100X objective of a light microscope to 
determine whether the organisms change position. 2 

Methyl Red-Voges Proskauer (MR-VP) 

The methyl red (MR) test is used to determine an organism's ability to both produce strong acid 
from glucose and to maintain a low pH after prolonged (48 to 72 hr) incubation. MR-VP medium 
formulated by Clark and Lubs is inoculated and incubated for at least 48 hr. Five drops of 0.02% 
methyl red reagent are added to a 1-mL aliquot of test broth. Production of a red color in the medium 
indicates a positive reaction. 3, 6i 18 

The Voges-Proskauer (VP) test determines an organism's ability to produce acetylmethylcarbi- 
nol (acetoin) from glucose metabolism. MR-VP broth is incubated for a minimum of 48 hr, followed 
by the addition of 0.6 mL of 5% a-naphthol and 0.2 mL of 40% potassium hydroxide to a 1-mL ali- 
quot of test broth with gentle mixing. The 40% potassium hydroxide causes acetylmethylcarbinol, if 
present, to be converted to diacetyl. a-Naphthol causes the diacetyl to form a red color. 3, 6 - 8 

The MR and VP tests are used as part of the identification of Vibrio and Aeromonas species 
and also help to differentiate among the genera and species of the Enterobacteriaceae. For example, 
Escherichia coli, Citrobacter, Salmonella, and Shigella species are positive for MR but negative for 
VP, while some species of Enterobacter are positive for VP but negative for MR. Several species of 
Serratia and Klebsiella can be distinguished from other Enterobacteriaceae because they are posi- 
tive for both MR and VP. The tests are usually performed at 35° to 37°C, but Yersinia enterocolitica 
is VP-positive at 25°C and variable at 35° to 37°C. 

Nitrate Reduction 

The ability of an organism to reduce nitrate (N0 3 ) to nitrite (N0 2 ) or to nitrogen gas is an important 
characteristic used to identify and differentiate gram-negative bacteria. The organism is grown in a 
peptone or heart infusion broth containing potassium nitrate. An inverted Durham tube is included 
in the growth medium to detect the reduction of nitrites to nitrogen gas. After 2 to 5 days of incu- 
bation, 5 drops each of 0.8% sulfanilic acid and 0.5% N, A'- d i m c t h y I - n ap li t h y I a m i n e are added to 
the test broth. If the organism has reduced the nitrate in the medium to nitrites, the sulfanilic acid 
will combine with the nitrite to form a diazonium salt. The dimethyl-naphthylamine couples with 
the diazonium compound to form a red, water-soluble azo dye. If there is no color development and 
no gas in the Durham tube, zinc dust can be used to determine whether nitrate has been reduced 
to nongaseous end products. Zinc dust will reduce any nitrate remaining in the medium to nitrite, 
and a red color will develop. If no red color develops after the addition of zinc, all the nitrate in the 
medium has been already reduced, indicating a positive nitrate reduction reaction. The development 
of a red color after the addition of zinc dust confirms a true negative reaction. 3, 6 ’ 7 - 18 All members 
of the Enterobacteriaceae except for certain biotypes of Pantoea agglomerans and certain species 
of Serratia and Yersinia are able to reduce nitrate. Pseudomonas aeruginosa, Moraxella catarrha- 
lis. Neisseria mucosa, and Kingella denitrificans are characterized by a positive nitrate reaction. 
Alcaligenes faecalis can be distinguished from similar nonfermentative gram-negative organisms 
by its inability to reduce nitrate. 
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Urease 

Detection of the ability of an organism to produce the enzyme urease can be accomplished using 
either broth or agar medium containing urea and the pH indicator phenol red. Urea medium is 
inoculated with isolated, 24-hr-old colonies and incubated at 35° to 37°C. If the organism produces 
urease, the urea will be split to produce ammonia and carbon dioxide. This creates an alkaline pH, 
causing the phenol red indicator to become bright pink. 7, 18 Some bacteria, such as Proteus species, 
Brucella species, and Bordetella bronchiseptica, are capable of producing a strongly positive ure- 
ase reaction in less than 4 hr. A rapidly positive urease reaction is useful in differentiating the select 
agent Brucella species from other oxidase-positive, slowly growing, gram-negative coccobacilli. 
Other organisms must be incubated 24 hr or longer before a positive urease reaction becomes vis- 
ible. Among the Enterobacteriaceae, Proteus, Providencia , and Morganella are urease positive, as 
are some Citrobacter and Yersinia species. A positive urease reaction helps distinguish Psychro- 
bacter phenylpyruvica and Oligella ureolytica from related organisms. Urease is also a key test in 
the identification of Helicobacter pylori in gastric and duodenal specimens. 

COMMERCIAL IDENTIFICATION SYSTEMS 

There are several commercial systems available for the identification of gram-negative organisms. 
The Vitek® System (bioMerieux, Inc., Hazelwood, MO) and the Phoenix 1 ” System (BD Biosciences, 
Sparks, MD) are miniaturized, sealed identification panels containing 30 to 51 dried biochemical 
substrates, depending on the particular test kit chosen. The systems incorporate modifications of 
conventional biochemicals and also test for hydrolysis of chromogenic and fluorogenic substrates, 
and for utilization of single carbon source substrates. A standardized inoculum is used, and the 
panels are continuously incubated in an automated reader. Reactions are detected by the instrument 
via various indicator systems. Results are compared with known bacteria in the system’s data- 
base, to arrive at a final identification. 3 - 20-23 API® kits (bioMerieux, Inc., Hazelwood, MO) and 
MicroScan® panels (Siemens Healthcare Diagnostics, Deerfeld, IL) also use miniaturized modifi- 
cations of conventional biochemicals, but the systems are open, allowing reagents to be added by 
the technician, and giving the opportunity for visual confirmation of biochemical results. 3 - 19 - 22 - 23 
The Biolog MicroPlate™ system (Biolog, Inc., Hayward, CA) identifies gram-negative organisms 
by testing their ability to utilize 95 separate carbon sources. Reactions are based on the exchange 
of electrons generated during respiration, leading to a tetrazolium-based color change. The system 
produces a reaction pattern that can be classified using database software. 3 - 19 - 22 

Commercial systems are useful when a large number of isolates must be processed because 
such systems offer a decreased turn-around time and decreased hands-on time, as compared to 
conventional biochemical schemes. They perform with high levels of accuracy when identifying 
metabolically active organisms such as the Enterobacteriaceae, Pseudomonas aeruginosa, or 
Stenotrophomonas maltophilia. However, some systems are not designed to detect weak or delayed 
reactions, resulting in false-negative results. Some fastidious gram-negative organisms may not 
grow well in commercial systems and may thus require the use of additional testing methods. Also, 
commercial kits are limited by the range of bacteria included in the particular system’s database. 
Organisms that are not included in the database will not be recognized and may be misidentified. 

York, 26 Koneman et al., 3 and O’Hara, Weinstein, and Miller. 22 provide detailed descriptions and 
evaluations of several commercial systems used for the identification of gram-negative organisms. 

MOLECULAR ANALYSIS 

Molecular analysis is becoming an increasingly important tool for the clinical bacteriologist, espe- 
cially in the identification of aerobic gram-negative bacteria. PCR and real-time PCR assays offer 
specific and rapid identifications that can be key to the detection of food-borne pathogens in clinical 
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specimens as well as in food and other environmental samples. 33 ’ 34 Further, many gram-negative 
bacteria, such as Legionella, Bordetella, Neisseria, and Haemophilus , 35-38 are difficult to cultivate; 
PCR analyses offer superior sensitivity in identifying these organisms. The presence of certain 
specimen types, the initiation of antimicrobial therapy prior to specimen collection, or a delay in 
transport also can compromise the success of classical approaches to identification. Finally, molec- 
ular analyses are utilized for ruling in or out the presence of gram-negative bacterial select agents 
in samples; in such a situation, rapid issuance of test results by a reference laboratory can be crucial 
in detecting and averting the intentional dissemination of potentially deadly pathogens. 39 

Molecular analysis can quickly provide identification to the species level, or typing, for cer- 
tain genera of gram-negative bacteria that cannot be differentiated by commercially available 
systems, or that would require the use of highly specialized protocols and reagents, and time- 
consuming, labor-intensive protocols. Examples include species determination for organisms of 
the Burkholderia cepacia complex 40 and the genera Bordetella , 41 Brucella , 42,43 Achromobacter , 44 
Yersinia, 45 and Campylobacter , 46 as well as the typing of Escherichia coli, 41 Salmonella, 4s and 
Neisseria meningitidis. 49 Additionally, the rapid characterization of antibiotic resistance, patho- 
genic plasmids, or toxin genes can be achieved. Examples include KPC-mediated carbapenem 
resistance in Klebsiella pneumoniae 50 and other Enterobacteriaceae, 51 the virulence plasmids of 
Yersinia pestis 45 and the presence of Shiga toxins in E. coli. 54 

As previously mentioned, when conventional methods for gram-negative bacteria give inconclu- 
sive results, or when a specific PCR analysis or molecular test is not available, the use of 16S rRNA 
gene sequence analysis or other broad-range PCR may be successful. 52 Such tests are based on the 
fact that some genes present in all bacterial organisms contain both regions of highly conserved 
sequence and regions of variable sequence. The highly conserved regions can serve as primer bind- 
ing sites for PCR, while the variable regions can provide unique identifiers enabling the precise 
identification of a particular strain or species. These sophisticated PCR applications require ade- 
quate laboratory facilities, trained and experienced staff with expertise in the use of molecular data- 
bases, and protocols in place to avoid contamination. 53, 54 Although such tests are time-consuming 
and costly, and may only be available at specialized laboratories such as reference laboratories, they 
can provide an answer when other modes of testing give problematic results or are not feasible. 
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HISTORY 

The Plaque Assay, an indispensable tool for the study of bacteriophage, was described in the earliest 
publications on the discovery of these viruses. Felix d’Herelle, credited as co-discoverer of phage 
(along with Frederick Twort), described, in effect, the first plaque assay in 1917 [1] when he wrote 
the following: 

. . .if one adds to a culture of Shiga as little as a million-fold dilution of a previously lysed culture and if 
one spreads a droplet of this mixture on an agar slant, then one obtains after incubation a lawn of dysen- 
tery bacilli containing a certain number of circular areas of 1 mm diameter where there is no bacterial 
growth; these points cannot represent but colonies of the antagonistic microbes: a chemical substance 
cannot concentrate itself over definite points. (Translation from Stent [2].) 

The “antagonistic microbes” were then named “bacteriophages.” 

Subsequently, the technique was refined by Gratia [3] and Hershey et al. [4], by pouring onto an 
agar plate a top layer of molten agar containing a phage-bacteria mixture. The molten agar solidi- 
fied, fixing the phage particles in the semi-solid agar substrate; and as the bacteria grew during incu- 
bation to cover the plate as a lawn of bacterial growth, the embedded phage particles killed those 
bacteria in their vicinity, with the progeny phage infecting other bacteria in the vicinity to produce 
a zone of clearing, or a “plaque,” on the lawn of bacterial growth. This method was described by 
Delbriick [5] as follows: 

In this technique a few milliliters of melted agar of low concentration, containing the bacteria, are 
mixed with the sample to be plated. The mixture is poured on the surface of an ordinary nutrient agar 
plate. The mixture distributes itself uniformly over the plate in a very thin layer and solidifies immedi- 
ately. We used about 20 mL of 1.3 percent agar for the lower layer and 1.5 mL of 0.7 percent agar for the 
superimposed layer on petri plates of 7 cm diameter. With this technique 60 samples can be plated in 
about 20 minutes. The plaques are well-developed and can be counted after 4 hours’ incubation. 

The plaque assay was validated as showing that a single phage infecting a bacterium was suf- 
ficient to initiate formation of a plaque because there was linear proportionality between the plaques 
observed and the dilution of the phage sample [6]. Electron microscopy later indicated that under 
optimal conditions, there was a close approximation between physical phage particles and the pre- 
sumptive phage particles that initiated plaque formation [7]. 
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However, the “efficiency of plating” of a bacteriophage preparation can vary extensively, 
depending on conditions — especially the bacterial host strain. Varying susceptibility of different 
bacterial strains to different bacteriophage in fact was exploited for many years in the identification 
of bacteria, in a procedure called “phage typing.” Although this procedure is not used as extensively 
today as in the past, a brief description of the principle is provided later in this chapter. Current use 
of phage for identification of bacteria, including phage typing, is discussed in Chapter 8. 



METHODOLOGY 



A suspension of bacteriophage of unknown titer is first subjected to serial dilution, as illustrated in 
Figure 7.1. A small portion (0.1 mL) of the suspension is added to 9.9 mL dilution fluid, for a 100- 
fold dilution. A small portion (0.1 mL) of this dilution, in turn, is added to a fresh tube containing 
9.9 mL dilution fluid, for another 100-fold dilution. At this point, the original phage suspension has 
been diluted by a factor of 10,000. The process is repeated two more times, to a fourth tube where 
the dilution factor is 10 -8 . Dilutions, of course, do not always have to be 1:100; other dilutions are 
perfectly acceptable, as long as the dilution factor is duly noted, as this is needed to obtain the titer 
of the original stock. In Figure 7.1, there is a fifth dilution tube with the addition of lmL to 9 mL 
dilution fluid, to provide a 1:10 dilution, bringing the overall dilution factor to 10 -9 . The need for 
large dilutions is because phage titers can be quite high. 

Dilution fluid can be the growth medium for the host bacteria; but because this would be waste- 
ful and expensive, in practice a simpler liquid diluent is used. Sterile saline solution can serve 
this purpose, or variations of saline with lower salt and a small addition of a growth nutrient, for 
example, sterile 0.25% (wt/vol) sodium chloride, 0.1% (wt/vol) tryptone. 

Once the final dilution is made, 0.1 mL is added to tubes containing 2.5 mL soft agar that has 
been melted in a boiling water bath and equilibrated to approximately 50°C. Tubes can be kept 
in a water bath or, more commonly, a dry block heating unit. The dry block is preferable to avoid 
unwanted contamination of water-bath water from the outside of the tubes when the contents are 
poured onto plates. Tubes should be plated fairly soon after addition of the phage dilution, to avoid 
incubating the phage at the high temperature for an extended period of time. The soft agar contains 
the nutrients for growth of the bacteria (and can be a minimal media) with 0.65% (wt/vol) agar. Two 
drops of a fresh saturated bacterial suspension (about 0.1 mL, ~10 8 bacteria total) are added to the 
tubes, which are then mixed and poured onto nutrient agar (1 to 1.5% wt/vol) Petri plates (100 x 15 
mm) that have been previously prepared and are at room temperature. The plate is briefly rocked to 
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FIGURE 7.1 Serial dilutions. 
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facilitate uniform distribution of the top agar across the surface of the bottom agar, before the top 
agar solidifies. If the plates have been refrigerated and are not at room temperature, the top agar may 
solidify too quickly and not distribute uniformly, which will make plaque counting more difficult. 
The plates are then incubated at 37°C for several hours, usually overnight, to allow the bacteria to 
make a lawn and for the plaques to develop. 

Because the titer is unknown at the outset, more than one dilution of the phage stock is plated 
in this way, so that a reasonable (countable) number of plaques will be obtained at least at one of the 
dilutions tested. Figure 7.1 illustrates two dilutions that are plated: I O' 8 and I O' 9 . If one obtained, 
for example, 15 plaques from the 10~ 9 dilution (and -150 plaques from the 10 -8 dilution), the titer of 
the original phage stock would be 1.5 x 10 11 phage/mL in the original stock suspension. This num- 
ber of phage is the reciprocal of the dilution factor and is derived by taking into account that only 
0.1 mL of the dilution was added to the plate, which represents an additional dilution factor of 10 _1 
when considered on a per-milliliter basis. Hence, 15 plaques obtained from 0.1 mL of a 10 -9 dilution 
= 15 x 10 10 phage mL -1 in the original stock. 

An example of actual plaques of a lytic phage grown on Escherichia coli is shown in Figure 7.2. 
The lawn is shown as a black background, although in an actual assay, it would likely be tan or 
brown, and the plaques are shown as clear white circular spots on the lawn. If this plate resulted 
from plating 0.1 mL of a 10 -8 dilution (as in Figure 7.1, bottom), then the titer of the stock would 
be -1.5 x 10 11 , because there are about 150 plaques on this plate. It is important to remember that 
each plaque represents the progeny phage from a single individual phage that was embedded in the 
top agar. The plaque as a whole may contain on the order of 10 6 phage. A good description of the 
preparation of phage and plaque assays can be found in a laboratory manual by Miller (8]. 

Different phage exhibit different morpholo- 
gies in plaque assays. Some plaques are small 
and clear, with sharply defined borders. Some 
are large and can be more diffuse. Some phage 
exhibit turbid plaques, in which there is some 
bacterial growth within the plaque, as if those 
bacteria had developed resistance to the phage. 

This is the hallmark of a lysogenic phage, which 
at low frequency integrates its genome into the 
bacterial host and renders the host immune to re- 
infection by phage of the same type (see Chapter 
43, “Introduction to Bacteriophage”). 

FIGURE 7.2 Bacteriophage plaques. 

APPLICATION TO PHAGE TYPING 

The ability of phage to form plaques on a lawn of susceptible bacteria was exploited to develop sys- 
tematic methods for identifying strains of bacteria by their susceptibility to known stocks of indi- 
vidual phages, a technique known as “phage typing.” A chapter in the first edition of this Handbook 
was devoted to this method [9], which was particularly useful for identifying strains of Staphylococ- 
cus aureus and Salmonella typhi, among others. An update on contemporary use of phage typing is 
included in the next chapter (Chapter 8). 

The method requires a standard set of typing phages that are different for each species to be 
typed. A culture of the bacteria to be identified is spread over the surface of a nutrient agar plate. 
Drops from a set of typing phages are placed in a grid pattern on the surface of the plate, which is 
then incubated to allow the bacteria to form a lawn and for the phage to produce plaques. Following 
incubation, those phage in the set that can inhibit growth of the bacteria will form plaques. Because 
the phages were applied in a grid pattern, one can identify which phages the bacterial host is sus- 
ceptible to, which will then be given a “phage-type” designation. 
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This principle is illustrated in Figure 7.3. 
The plate on the left shows a grid pattern of 
12 individual phages that are spotted on a sur- 
face containing the bacteria to be identified. 
The plate is incubated to allow the lawn (and 
phage) to grow. Following incubation, plaques 
are observed at the locations where phages 2, 5, 
and 11 were spotted, and not at the locations of 
the other nine phages in the set. If the bacteria 
to be identified had been a strain of Neisseria 
meningitidis, for example, the strain would thus 
be identified as Neisseria meningitidis phage 
type 2/5/11. 
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INTRODUCTION 

As the name suggests, bacteriophage (literally, “bacteria eating” from the Greek) were discovered 
by Edward Twort and Felix D’Herelle as lytic agents that destroyed bacterial cells (see Ref. 1 for 
a review of the history of their discovery and application). Bacteriophage* are, in fact, viruses that 
specifically infect members of the Bacterial kingdom. In the Eukaryotic kingdom, the visible diver- 
sity of biological forms makes it unsurprising that viruses have a specific host range, because it is 
clear that the organisms affected by the different viruses are very different. However, in the Bac- 
terial kingdom, differences between bacterial genera are not as easy to detect and differentiation 
between members of a species is often only reliably determined at the molecular level. Hence, in the 
field of bacteriology, the fact that viruses have evolved to specifically infect only certain members 
of a genus or species seems surprising. However, as the molecular recognition events involved in 
eukaryotic virus infection are elucidated, it is clear that even subtle differences in cell surface pro- 
teins have profound effects on binding and infection of eukaryotic viruses (see Ref. 2 for a review), 
and this is also true for the bacteria-virus interaction. 

Historically it was in 1926 that D’Herelle first reported the fact that not all members of a species 
could be infected by the same phage when he was investigating the use of bacteriophage to treat 
cholera. 3 He divided isolates of Vibrio cholerae into two groups on the basis of phage sensitivity. 
Until molecular methods of cell discrimination became more widely adopted, differentiation of cell 
type on the basis of phage sensitivity (or phage typing) was one of the best ways to discriminate 
between different isolates within a species, and much research was put into developing and refin- 
ing the phage typing sets for a range of different bacteria. Antibody typing (serotyping) is also able 
to differentiate strains at the subspecies level but, as phage isolation and propagation is easier and 
cheaper than characterization of polyclonal or monoclonal antibodies, phage typing has often been 




* There is ongoing debate about the plural form: bacteriophage or bacteriophages. For a discussion, see Ref. 4. 
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the first subspecies typing method developed for bacterial pathogens. Where robust and widely 
adopted phage typing schemes exist, their use has continued, and phage typing is still routinely used 
to sub-type isolates of both Gram-negative and Gram-positive bacteria (see section entitled "The 
Use of Phage Typing” for details). However, fewer new phage typing sets have been developed since 
DNA-based typing methods became more widely adopted. In contrast, methods for the detection 
of bacteria using bacteriophages are still being developed. This has resulted in the emergence of 
commercial tests, employing a variety of assay formats, for use in both medical and environmental 
applications. This chapter provides an overview of these technologies and describes some of the 
newer findings that may be developed into practical applications in the near future. 

PHAGE TYPING 

Choice of Phage 

Bacteriophage can be divided into two broad groups on the basis of the biological outcome of infec- 
tion. Virulent, or lytic, phages are those that always lyse the host cell at the end of the replication 
cycle. Temperate, or lysogenic, phages may cause lysis of the host cell after completing a lytic rep- 
lication cycle, or alternatively they may enter a dormant phase of replication where their genome is 
maintained within the host cell without causing harm to that cell so that the virus is replicated as 
part of the cell during cell division. Because of this choice of replication pathway, infection with 
temperate phage will not always result in the formation of plaques (lytic areas of clearing in a lawn 
of bacteria) and therefore these are often not chosen for use in phage typing schemes. Much work 
has been put into the isolation of virulent phages that can be evaluated for use in phage typing sets, 
and these are often found in the natural environment of the target bacterium (for example, sewage 
is a good source of bacteria specific for enteric pathogens (see Ref. 5 through 12). However, other 
workers have chosen to try and identify phage variants or mutants (adapted phages) of previously 
isolated phage that have a new or altered host range. The fact that is was possible to select for such 
mutants was first shown by Craigie and Yen 13 as early as 1938. These workers identified the fact 
that phage could be selected from an infection that was now more lytic against that same strain on 
which they were last propagated, and the practice of phage adaptation is still used to improve the 
discriminatory power of phage sets. 11 - 14 Perhaps more important for science as a whole, the observa- 
tion led to the discovery of phage restriction barriers (see section entitled “Factors Affecting Phage 
Infection” and Ref. 15 and 16) and ultimately to restriction enzymes, 17-19 which then revolutionized 
the study of cellular molecular biology. 

Factors Affecting Phage Infection 

There are many factors that influence the ability of a phage to infect a particular cell type. For 
successful infection, the phage must recognize its host by binding to primary surface receptors. 
These are often molecules containing carbohydrates, such as lipopolysaccharides 20 (O antigen) 
in Gram-negative bacteria, teichoic acids 21, 22 (O antigen) in Gram-positive bacteria, or capsular 
polysaccharides 23 (K antigen). The fact that structural variations in these molecules occur with a 
relatively high frequency, which is used to distinguish cell types on the basis of serology, begins to 
explain why phages bind to different host cell types with variable efficiencies (see Ref. 24, 25). In 
addition to carbohydrates, cell surface proteins can be recognized, such as flagella or pili, 26-29 sugar 
uptake proteins, 30 membrane proteins 31, 32 or S-layer proteins. 33 Again, variations in these proteins 
occur that can be detected using specific antisera (for example, flagella represent H antigens); and, 
accordingly, phage binding occurs with a different affinity depending on the match between phage 
and host receptor molecule. Another level of variation can occur depending on the pattern of expres- 
sion of the receptor by the host cell, which may be regulated by environmental conditions. This is 
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particularly true for the expression of flagella and sugar transporters and therefore the particular 
culture conditions used can determine whether or not a phage can infect a cell. 

Once the phage has penetrated the cell envelope, replication can be prevented by a variety of 
mechanisms. For example, if the cell contains a prophage (a dormant lysogenic phage), the regula- 
tory proteins that suppress the lytic replication of the phage may also suppress replication of the 
newly infecting phage (see Ref. 34). Cells that possess DNA restriction-modification systems may 
reduce levels of infection by the destruction of incoming foreign DNA (the restriction barrier 35 ) 
and host cell genes (abortive phage infection genes 36-38 ) have been described that specifically block 
phage replication (for more details, see Ref. 39). In effect then, phage typing is an indirect way to 
investigate variation in cell structure and genetics using the ability of a phage to overcome these 
barriers to successfully infect a cell as a biological indicator of differences between cells. 

Phage Typing Methods 
Determining Phage Titer and RTD 

To determine phage titer, tenfold serial dilutions of the phage are prepared in a buffer that contains 
divalent cations (often Mg 2+ ), to facilitate phage binding to the cell surface, and gelatin, to stabilize 
phage particle structure. Commonly used buffers are Lambda buffer (50 mM Tris-FICl [pH 7.5], 
100 mM NaCl, 1 mM MgS0 4 , and 0.2% gelatin) 40 or SM buffer (50 mM Tris-HCl [pH 7.5], 100 
mM NaCl, 8 mM MgS0 4 , and 0.01% gelatin). 40 Alternatively, the broth used for host cell infection 
can be used. Host cells are freshly grown in broth (usually overnight), diluted into fresh broth, and 
grown to mid-exponential phase of growth to approximately 1 x 10 8 cfu mL -1 (cfu = colony form- 
ing unit). This broth is often supplemented with Ca 2+ to promote phage binding. The cells are then 
spread over an agar plate, allowed to air dry and then 10 to 20-pL samples 41 of each phage dilution 
spotted onto the lawn of the bacteria to produce discrete areas of infection (see Figure 8.1). Once the 
samples have dried, the plates are incubated overnight at the appropriate temperature and the num- 
bers of plaques counted only in samples where discrete plaques are seen. This value is then used 
to either determine the titer of the phage stock, or the Routine Test Dilution (RTD; Ref. 42). The 
RTD is defined as the highest titer that just fails to produce confluent (complete) lysis of the cells 
within the sample area. The appearance of semi-confluent lysis indicates that the number of phage 
present is reaching a point of dilution where numbers are low enough to allow individual infection 
events to be detected and the growth of plaques from a point of infection can be visualized. This 
is an important point because the applications of high numbers of phage to a lawn of bacteria can 
produce confluent lysis although productive infection does not occur. This phenomenon can be 
due to the process of “lysis from without”; 43 in essence, large numbers of phage binding to the cell 
surface damage the cell wall integrity and cells lyse before the phage have replicated. Alternatively, 
phage preparations may contain defective phage particles or bacteriocins 44 that again can cause 
complete cell lysis, or the phage suspension itself can contain chemical residues that inhibit lawn 
growth, giving the appearance of confluent lysis in the area where a sample has been applied. Any 
of these possibilities may lead to false areas of confluent lysis but are ruled out by dilution of the 
phage sample to the point where semi-confluent lysis occurs, which will not occur unless phage 
infect their host cells and grow. 

The phage concentration to produce semi-confluent lysis depends on plaque morphology (phage 
producing fast-growing, large plaques will require fewer numbers to form semi-confluent lysis than 
phage that produce small discrete plaques) but is generally between 5 x 10 4 and 2 x 10 5 pfu mL -1 
(Ref. 45) and should be two- to ten-fold lower than the concentration required to produce confluent 
lysis. The bacterial strain used to determine the RTD is always that used to propagate the phage so 
that host adaptation (see section entitled “Choice of Phage”) does not affect the titer results. 
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FIGURE 8.1 Phage titration and interpretation of results. Freshly grown host cells are spread over an agar 
plate to form a bacterial lawn. A tenfold serial dilution of the phage is prepared and then 10 to 20 pL samples 
of each phage dilution spotted onto the lawn and allowed to air dry. After incubation, numbers of plaques are 
counted only in samples where discrete plaques are formed. The Routine Test Dilution (RTD; Ref. 42) is defined 
as the highest titer that just fails to produce confluent (complete) lysis of the cells within the sample area. 

Determining the Efficiency of Plating 

Due to the subtle differences in cell surface components and cellular biochemistry that influence 
phage binding (described in section entitled “Factors Affecting Phage Infection”), even without 
host adaptation, the efficiency with which a particular phage will infect different strains of a 
bacterium will vary. This basically reflects the tightness of the interaction between the phage 
and host receptors, with stronger binding leading more often to productive infection events and 
weaker binding leading to fewer, and hence a lower titer. By comparing the titer of a phage prepa- 
ration when tested against different strains of bacteria, a ratio of productive infection events can 
be determined. This value is termed the “efficiency of plating” (or EOP), with a value of 1 rep- 
resenting 100% efficiency (i.e., the titer on the two test strains is the same) and 0.9 representing 
90% efficiency or a titer of one log 10 lower. Because the binding of the phage to the cell can also 
be influenced by the differential expression of surface proteins and carbohydrates (see section 
entitled “Factors Affecting Phage Infection”), and this is influenced by the particular growth state 
of the cell, some variation in the titer of phage on the same strain can occur when the experiment 
is performed on different days. Therefore, a consistent difference of at least five- to ten-fold in 
titer is required before a reliable difference in EOP can be established. This degree of variability 
in expected titer is another reason for choosing semi-confluent lysis as the RTD when performing 
phage typing (see section entitled “Phage Typing Methods”). If a dilution was chosen that gave in 
the range of 10 to 20 discrete plaques, sometimes a result would be positive, and sometimes nega- 
tive. The use of a higher phage dilution takes this inherent variation into account and allows a more 
robust typing result to be achieved. 

Phage Typing Methods 

For phage typing, a panel of phage characterized to have a discriminating host range is chosen and 
strains are infected with each phage at standard concentration (the RTD). The method is similar to that 
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for determining phage titer, in that a bacterial lawn is prepared and samples of phages are applied to 
the surface (see Figure 8.2). Now samples of different phage from the phage typing set, each diluted to 
the RTD, are spotted onto the lawn in a grid pattern. In some typing schemes, both the RTD and 100X 
the RTD are tested. After incubation of the plates, infection is detected by the presence of plaques and 
patterns of susceptibility to individual phage are determined, leading to the determination of a phage 
type based on the pattern of sensitivity (see Figure 8.2). The results are not only scored as negative or 
positive, but are also given a semi-quantitative description that in some way reflects the EOP (i.e., at the 
RTD, if the phage infects with the same efficiency that it infects the host strain, semi-confluent lysis 
should occur. If confluent lysis is seen on the test strain, then the EOP is greater than 1; if single plaques 
appear, the EOP is less than 1). Different phage typing schemes use different conventions of scoring; 
commonly, letter descriptors are used for confluent lysis (CL), semi-confluent lysis (SCL), and opaque 
lysis (OL); this refers to the situation where growth of the lawn occurs within the zone of lysis so that 
the area is not cleared. These can be combined with < symbols to indicate intermediate degrees of lysis 
(e.g., <CL or <SCL), and then ± to +++ to indicate increasing numbers of discrete plaques. In typing 
schemes where more than one phage dilution is used, the scoring is more directly related to the EOP, 
where 5 = ++ reaction in the same dilution as on the propagating strain, 4 = ++ reaction in a dilution 
10- to 100-fold more concentrated than that giving ++ on the propagating strain, 3 = ++ in a dilution 
10 3 - to 10 4 -fold more concentrated than that giving ++ on the propagating strain, 2 = ++ in a dilution 
10 5 - to 10 6 -fold more concentrated than that giving ++ on the propagating strain, and 1 indicates very 
weak lysis and a minus symbol (-) for no reaction. The number 0 is used to record evidence of lysis from 
without. The typical reaction patterns for a variety of phage can be found in the published literature and 
Public Health Agencies, and commercial companies still routinely use these methods for the sub-typing 
of a range of bacteria, such as Salmonella enterica , 46,47 Escherichia coli Ol 57, 48, 49 Shigella, 5 ’ 6 Vibrio 
cholerae, 50 ’ 51 Staphylococcus aureus, 45 ’ 52 Listeria monocytogenes , 53-55 and Bacillus spp. 56-58 



The Use of Phage Typing 

These phage typing sets have been successfully used in epidemiological studies to monitor changes 
in the predominant organism causing disease in a population, and also the emergence of new 




FIGURE 8.2 Phage typing. A panel of phage with a discriminating host range is each diluted to the RTD. 10 
to 20 pL of each diluted phage are applied to the surface of a bacterial lawn of the test strain in a grid pattern. 
After incubation of the plates, infection is detected by the presence of plaques and patterns of susceptibility to 
individual phage are determined. See text for more details of qualitative scoring schemes used. 
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dominant clones. For Salmonella enterica, the phage typing system described by Callow 59 still pro- 
vides a useful basis for the differentiation of strains from within the same serovar. This is particu- 
larly important for epidemiological studies due to the widespread distribution of some Salmonella 
serovars, and phage typing has been used worldwide to investigate a variety sources of bacterial 
contamination, environmental spread of the organism, and outbreaks of food poisoning. 60-63 These 
typing schemes have also been extended to include other members of the Enterobacteriacae, 64 which 
allows them to be used in a wider context for investigations of environmental sources of contamina- 
tion. Similarly, studies of the spread of Staphylococcus have employed phage typing to monitor the 
spread of clones in hospital populations 65-67 and has been used to follow the dissemination of Vibrio 
cholerae strains in India. 11,68 The effectiveness of these studies demonstrates the usefulness of this 
simple microbiological method; however, phage typing is not a rapid method and strains can only 
be typed after they have been isolated as pure cultures and identified. 

Phage-Based Rapid Detection Methods 

Traditional culture-based methods of detection exploit the specific growth requirements or cellular 
biochemistry of particular bacteria to achieve selective growth and diagnostic biochemical assays. 
Further identification can then be achieved using antibodies (or phage typing) to reveal more infor- 
mation about variation in cell surface structures. To achieve this, single cells present in a sample 
must be separated from the sample matrix and then grown until discrete colonies are formed. This 
is inevitably time consuming, and the drive of both the fields of medical microbiology and food 
microbiology is for rapid, more sensitive diagnostic tests. Using phage to detect the presence of their 
host cell is an obvious way to address this need. Phage-based tests use the specificity of the interac- 
tion between the virus and the host cell as a diagnostic tool, and in this sense is not really different 
from the use of phage in typing schemes. However, the specificity of interaction also means that the 
target cell can be detected in the presence of competitive flora, thus reducing the need for selective 
growth of the target bacterium before it is detected. Finally, the fact that the replication of the phage 
is so much faster than that of the host cell also allows methods to be developed that are more rapid 
than traditional culture. 

Unlike phage selected for typing sets, phage with the widest host range are chosen for rapid 
detection methods, preferably those that can encompass all members of the genus or species to be 
detected. There are many examples of well-characterized, broad host range phage, but one that has 
been used more than most to develop these assays is Salmonella phage Felix 01; it has been shown 
that this phage can infect more than 95% of Salmonella isolates. 69 Similarly, two broad host range 
phage have been identified for Listeria : (1) A511, 70 which infects 95% of those serotypes most 
commonly associated with human disease (l/2a and 4b), and (2) P100, 71 which can infect and lyse 
more than 95% of serotypes 1/2 and 4 ( L . monocytogenes) and 5 (L. ivanovii). Both of these phage 
have been used to develop rapid methods for the identification of Listeria in food samples. Broad 
host range phage specific for other bacteria can be readily isolated, often from those environments 
where the host cells are found naturally. 72-74 Using these broad host range phage, many different 
phage -based assay formats have been developed, but this section reviews the three approaches that 
have been developed into commercial assays. For an overview of other phage-based methods not 
described here, see Ref. 75. 

Reporter Phage 

In the reporter phage assay, phage are genetically engineered to deliver a reporter gene into the 
target bacterium. While the specificity of the assay comes from the phage host range, the speed and 
sensitivity of the assay come from the fact that the reporter genes are inserted into the phage so that 
they are expressed at high levels following phage infection, and sensitive instrumentation means 
that their synthesis can be detected at very low levels. 
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Reporter phage were first described in 1987 76 when the principle of reporter phage assays was 
demonstrated using a Lambda cloning vector containing the bacterial lux operon that was used for 
detection of Escherichia coli in milk samples. Even this simple model was able to detect as few as 
ten E. coli cells within 1 hr using a luminometer to detect the light produced by the infected cells. 77 
This highlights one of the biggest advantages of the phage assays over many modern molecular 
tests: to generate the signal, the host cell must be viable to allow the reporter genes encoded by the 
phage to be expressed. This allows the same live/dead differentiation achieved using conventional 
culture techniques, and this is an important factor when carrying out analysis of processed foods. 
This group simply created wild-type lux phage by introducing the reporter genes by random mini 
Tn 10-luxAB mutagenesis. These reporter phage were used to detect enteric pathogens on swab 
samples from abattoir, meat-processing factory surfaces, and animal carcasses. 78 In this study, light 
levels were compared with viable count and a good correspondence between the two measurements 
was found. The phage assay allowed detection of 10 4 cfu g _1 or cm -2 within 1 hr or <10 cfu g _1 or 
cm' 2 following a 4-hr enrichment, demonstrating good sensitivity and that a far faster result could 
be achieved than by conventional culture. A similar level of sensitivity was also reported using a 
Lambda lux phage to detect enteric bacteria without enrichment. 79 

More recently, reporter phage have been created in a more directed manner, using homolo- 
gous recombination to introduce the reporter gene into a precise location in the phage genome. For 
example, luxAB genes have been introduced into the Salmonella phages that infect groups B, D, and 
some group C serovars using this method. 80 A mixed phage preparation was used to detect as few 
as 10 cfu mL' 1 of Salmonella cells with 6 hr of pre-incubation. Without pre -incubation, the limit of 
detection was 10 8 cfu mL -1 in 1 to 3 hr. The same method was used to introduce luxAB genes into 
the late gene region of the broad host range listeriaphage A511. 81 When this lux phage was tested in 
a range of different food types, detection levels of between 0.1 cells g _1 to 10 cells g _1 were achieved 
after a 20-hr selective enrichment (giving a total assay time of 24 hr), depending on the food type 
tested. 82 This work highlighted the fact that the nature of the matrix that contains the bacteria is 
an important factor in determining test sensitivity, as clearly the efficiency of phage infection was 
affected by either the food components or the high levels of competitive microflora present. 

Phage structural genes were also targeted to introduce the fluorescent reporter gene gfp into the 
Escherichia coli 0157:H7-specific phage PP01. 83 This reporter phage was used to specifically detect 
E. coli 0157:H7 cells in the presence of other competitive E. coli cells, again demonstrating that 
phage specificity can be used to remove the need for selective removal of such competitors before 
identification is possible. The same group also introduced the gfp gene into phage T4, which was 
unable to lyse the E. coli host cells at the end of the replication cycle, leading to sustained expres- 
sion of the gfp gene within the infected cells. These highly fluorescent cells could then be detected 
by automated methods. 84 

Another reporter phage assay for Escherichia coli 0157:H7 has been developed by inserting the 
lacZ gene into phage T4. 85 In this case, the specificity of the assay does not come from the phage 
alone, but it has been combined in a three-step assay comprising enrichment, immunomagnetic 
separation (IMS), and the use of a colored enzyme substrate in a simple-to-use sample tube format 
(Phast Swab 86 ). The advantage here is that by using traditional culture and separation methods, they 
have overcome the requirement to find a phage with a very defined specificity. A similar idea of IMS 
methods and reporter phage technology was also used to detect Salmonella, this time using phage 
P22 containing the ice nucleation reporter gene ( ina ) as a reporter. 87 - 88 As few as 10 Salmonella 
Dublin cells mL' 1 could be detected in the presence of a high level of competitor organisms using 
the phage alone, but the sensitivity of the assay for food samples was further increased by using it in 
combination with salmonellae-specific immunomagnetic bead separation. 89 This assay was devel- 
oped into a commercial assay by the Idetek Corporation but is no longer available. 

The advantage of the Phast Swab assay format is that the phage are packaged into a unit that does 
not require dispensing of liquids or opening once the sample has been added to the tube. This type 
of practical consideration makes the assay more accessible to workers in routine quality assurance 
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labs. A second point in its favor is that it also achieves containment of the genetically engineered 
phage. In response to raised public concern about the release of GM organisms, nonreplicative 
forms of reporter phage have become favored because they minimize any possible risk of release of 
the GM phage. An example of this is the lux phage created by random mini TnlO-luxAB mutagen- 
esis of phage NV10 90 that is specific for Escherichia coli 0157:H7. In this case, the insertion of lux 
genes into the phage genome created a defective phage that could infect but not replicate. 91 Using 
this reporter phage, E. coli 0157:H7 cells were detected within 1 hr of infection. Rather than relying 
on random mutagensis effects, Kuhn and co-workers 92 created a genetically “locked” phage that can 
express the luciferase gene after infecting any wild-type Salmonella cells but can only replicate in 
specially engineered host cells. However, this type of engineering program requires a considerable 
amount of genetic analysis of the phage to be used and is probably not practicable for a large number 
of different phage. 

The most extensively studied reporter phage are those produced for the rapid detection of Myco- 
bacterium tuberculosis since circumventing the need to culture this slow-growing organism reduces 
detection times from weeks to days. There is also less concern in the area of medical diagnosis 
about GM and, accordingly, the reporter phage have been extensively evaluated, although no com- 
mercial product has been produced. Reporter phage produced for the detection of Mycobacteria 
containing the reporter gene firefly luciferase ( luc or Fflux) ss have been produced using the lytic 
phage TM4 93,94 and the temperate phage L5, 95 which was surprisingly effective at detecting cells 
despite the fact that it could form lysogens. However, the most effective luc reporter phage (or LRP) 
has been developed using phage TM4, and this has been extensively modified to optimize reporter 
gene expression. 94 Using these phage in combination with refinements of the sample prepation, 
mycobacteria were successfully detected in smear-positive human sputum samples within 24 to 48 
hr 96 and, when compared with other standard microbiological testing methods, was found to per- 
form favorably in the detection of positive clinical samples. 94 

Phage Amplification 

In contrast to the reporter phage, this technology uses non-engineered phage and thus does not suf- 
fer from any of the complications surrounding the release of GM organisms. This also makes the 
development of new assays easier and less expensive, as demonstrated by the fact that one of the 
earliest publications describes the simultaneous development of tests for Pseudomonas aeruginosa. 
Salmonella typhimurium, and Staphylococcus aureus. 91 The other components of the assay are also 
standard microbiological materials and thus there is no need to purchase specialist equipment or 
for highly trained staff to carry out the assay. Although termed the “phage amplification assay,” as 
growth of the phage is used to indicate the presence of the target bacterium, the test is effectively a 
phage protection assay. Samples to be tested for the presence of a target bacterium are mixed with 
phage and incubated to allow phage infection to occur. A virucide is then added to the sample to 
destroy any phage that have not infected their host cell. Next, the virucide is neutralized, the infected 
cells are mixed with more bacteria that will support phage replication (helper or sensor cells), and 
the entire sample is plated out using soft agar. During incubation of the plates, the phage finish their 
replication cycle, lyse the target cell, and the released phage go on to form plaques by infecting 
the helper cells present in the lawn. Each plaque represents a phage that was protected from the 
action of the virucide by infecting its specific target host (see Ref. 98). To develop an assay, all that 
is required is a phage with an appropriate host range and a virucide that will inactivate the phage 
while not damaging the host cell. This latter point is key to the assay; the phage must be protected 
within the cell, and the cell must be viable to allow phage replication to be completed. 99 Hence, like 
the reporter phage assays, phage amplification assays also provide live/dead differentiation. 

The test still requires overnight incubation to allow growth of the helper cells to form a lawn; 
and because of this, although this assay method can be used to detect any bacterial cell, it is in the 
detection of slow-growing organisms — such as pathogenic mycobacteria — that the biggest advan- 
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tage is gained. A phage amplification method for the detection of Mycobacterium tuberculosis in 
human sputum samples has been developed that takes only 2 days, compared to several weeks for 
other methods of detection, and is currently sold as the commercial test FAST PlaqueTTi ®*} 00 - 101 
To achieve rapid detection using this assay, the phage chosen is D29, which has a broad host range 
and can infect both M. tuberculosis and also M. smegmatis, a member of the fast-growing group 
of Mycobacteria that can form colonies in 18 hr. M. smegmatis is used as the helper cells and lawn 
develops for plaque visualization after overnight incubation. The limitation of this assay is that, 
because of the broad host range of the phage, it will detect any type of Mycobacterium, including 
non-pathogens. However, when used to test human sputum samples, it is unlikely that high levels of 
non-pathogenic mycobacteria will be present and detection of high numbers of mycobacteria cells 
indicated that the patient requires treatment. A range of workers have carried out evaluations of this 
test and generally it performs as well as other culture -based tests. 102 ' 103 However, the main use of the 
assay has been in clinical settings in developing countries where it is difficult to afford the reagents 
and machines required for automated, culture -based, rapid methods, such as MGIT (Mycobacteria 
Growth Indicator Tube). 104 

The broad host range of this phage has made its application in this assay format problematical 
for samples where both pathogenic and non-pathogenic, environmental mycobacteria may be pres- 
ent. However, the broad host range of the phage means that it can be used to detect other mycobacte- 
ria if it is used in combination with other tests that improve the specificity of the assay. To this end, 
the FASTP/agweTB® reagents have been used for the detection of viable Mycobacterium bovis or 
Mycobacterium avium spp. paratuberculosis by combining the phage amplification assay with PCR 
confirmation of cell identity. 105 To do this, DNA is extracted from plaques at the end of the phage 
assay and then PCR is used to detect signature IS elements (IS900 for M. paratuberculosis and 
IS1081 for M. bovis). This combined phage amplification PCR assay was shown capable of detecting 
viable M. paratuberculosis in milk samples from infected cattle within 24 hr. 105 

Another combined assay that uses a variation of the phage amplification assay has been described 
for the detection of Salmonella. 106 Immunomagnetic separation is used to separate the target bacte- 
ria and the food sample, and the concentrated Salmonella cells are then infected with phage. Phage 
that have not infected a target cell are removed by washing, which also separates the Salmonella 
from the magnetic beads. These infected cells are incubated so that the phages can complete their 
replication cycle and then they are added to a culture of a phage propagating strain (signal ampli- 
fying cells or SACs). The optical density of the culture is monitored and cell lysis indicates that 
phages, protected within an infected cell, have been carried through the washing steps, indicating 
the presence of Salmonella in the original sample. Using this method, a detection limit of less than 
10 4 cells mL _1 was achieved in 4 to 5 hr. 

ATP Detection 

ATP is generated in all living cells, and cells growing under given conditions contain constant levels 
of ATP, and therefore measuring ATP provides an indication of bacterial cells present in a sample. 
Dead cells rapidly deplete intracellular ATP levels due to the continued activity of intracellular 
ATPases; hence, direct measurement of ATP concentrations can be used to correlate with viable 
cell number and this is the basis of several commercially produced hygiene tests. 107 ATP is mea- 
sured using firefly luciferase, 85 using a small portable luminometer. 108 Because a constant amount of 
light is produced per ATP molecule, there is a linear relationship between the number of photons of 
light and the number of ATP molecules (and hence cells) present in a sample. The reagents for this 
assay are the enzyme luciferase and the substrate luciferin, neither of which will freely permeate 
cell membranes. Therefore, to detect the ATP present within living cells, they must be first lysed 
open. In general hygiene tests, this is achieved using a chaotrophic lysing agent, but no information 
about the nature of the cells detected is given. To add specificity to these hygiene tests, phage 9 — or 
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phage components 110-112 — have been used as specific lysing agents so ATP is only released from 
the target bacterial cells. 

When carrying out hygiene tests, there is likely to be organic material present that will con- 
tribute to high background levels of ATP being present in samples, making the practical limit of 
detection for ATP assays of environmental surface swabs (usually a 100-cm 2 area) approximately 
10 4 bacterial cells (there is approximately 10 15 g ATP per bacterial cell), and this is well above the 
levels of pathogenic bacteria expected to be found due to a cross-contamination event. To increase 
the sensitivity of the assay, the activity of the enzyme that converts ADP to ATP within the cell 
(adenylate kinase or AK) can be measured rather than ATP, because the levels of this enzyme per 
cell are also constant (see Ref. 113). Because the enzyme will continue to convert its substrate to 
ATP, which can then be detected by the luciferase/luciferin bioluminescence assay, overall sensi- 
tivity is approximately tenfold higher than measuring ATP alone. This AK assay has been used in 
combination with phage-mediated cell lysis and to add specificity, and the limit of detection can be 
reduced to less than 10 3 Escherichia coli or Salmonella cells, 114-116 which is a similar level of sensi- 
tivity achieved by other rapid methods of bacterial detection, such as immunoassays. 117 

The sensitivity of the pathogen-specific ATP assay has also been improved by combining it with 
other rapid methods of identification to form the commercially available fastrAK®* assay. 118 This 
system has been developed for rapid and sensitive detection of bacterial pathogens, such as Salmo- 
nella, Escherichia coli 0157 and Listeria in food samples. The assay has four stages that include 
an 8-hr pre-enrichment, immuno-magnetic concentration and separation of cells, specific phage- 
mediated lysis, and finally a luciferase AK assay to detect the presence of target cells. Each of these 
stages is designed to increase the specificity and sensitivity of the assay and it has been shown to 
be able to detect less than 10 bacterial cells in less than 11 hr, even in the presence of a competitive 
microflora at levels of 10 7 cfu g -1 . The level of sensitivity achieved is as good as conventional culture 
methods and is considerably faster than standard techniques. 

OVERVIEW 

The history of phage typing has been a little like phage therapy. Since its discovery, it has gone 
through different phases of popularity, but even today it continues to be a useful and sensitive tool 
for rapid discrimination of bacterial cell types. Phage typing per se has been superseded to some 
extent by molecular typing methods, but the technique remains a useful and sensitive method of 
investigating differences in cell structure. Rapid methods of detection have also shown promise but 
then fell out of favor, probably because no one phage can provide the “holy grail” of identification 
— that is, the one test that detects all target cells with 100% specificity and sensitivity. However, 
the recent trend of combining these with other rapid methods of bacterial detection to improve the 
speed and specificity of phage -based testing shows promise in producing assays that do indeed meet 
the requirements of the consumer; that is, simple, rapid tests with a high degree of discrimination. 
Phage identification methods have been in use for some 80 years now, and this recent revival of 
their fortunes in the form of commercial tests that are beginning to emerge suggests that they will 
continue to be used for some time to come. 
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INTRODUCTION 

One of the principal modes of controlling biochemical processes in cells relies on protein binding to 
a ligand. The ligand could be another protein, a nucleic acid, or a small molecule. Phage display is a 
tool that makes possible the derivation of protein ligands that have never previously been known to 
exist in nature, and later, to use them in many types of experiments to study molecular interactions. 
The principle behind phage display is to make a protein or peptide in a bacterial cell, immobilize it 
on a phage particle, and tether to the peptide a molecular signature that fully describes the sequence 
of the peptide. This signature is a nucleic acid sequence that becomes part of the phage genome 
carried on the same phage particle as the displayed peptide and actually encodes the displayed pro- 
tein. Different protein sequences can be displayed by simply modifying the sequence of the DNA 
through molecular engineering. The collective display of a large number of molecules on the phage 
is called a phage library. 

The power of phage display is derived from the fact that in a single biochemical experiment, 
an extremely large number of proteins can be studied, up to 10 11 and more. That is, this number of 
peptides can be made in association with the phage particles and used in an experiment in which the 
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binding of all the peptides to a target molecule is tested for, after which the binders with the desired 
affinity to the target can be identified and characterized. 

The type of phage most often used to display proteins is the filamentous phage of Escherichia 
coli, M13 (see also Chapter 43). Of particular significance for phage display are two coat proteins 
— minor protein pill and major coat protein pVIII — as both of them have been appended with 
random peptides or engineered proteins to create phage libraries. George Smith, in 1985, was the 
first to demonstrate that a protein, a foreign antigen, can be displayed on the filamentous phage 
particle fused to the pill protein [1] and selected for in an enrichment experiment from among a 
large excess of ordinary phage. Five years later, in 1990, he and co-worker Jamie Smith reported 
on the construction of the first phage library [2], It was a library of six-amino-acid-long peptides. 
The authors derived and tested several peptide ligands to two monoclonal antibody targets. The 
significance of this discovery quickly became clear to the scientific community, and the new field 
was established with explosive growth following. Today, more than 350 articles on phage display 
are published yearly [3], 

The field grew in several directions. Different types of protein scaffolds were displayed on the 
phage and subjected to randomization, creating many types of useful libraries. Of particular signifi- 
cance was the display of antibodies or antibody fragments, so-called single-chain antibodies on fila- 
mentous phage, first reported by the MRC group [4, 5] and the Scripps group (6, 7]. Today, phage 
display approaches are a significant source of therapeutically and diagnostically useful antibodies, 
with the complexity of libraries having increased from 10 6 clones early on to now over 10 11 clones. 
Other phage proteins have been explored as targets for protein display; of particular interest is the 
display of peptides on pVIII [8-11] that, in principle, allows for a display of a large number of identi- 
cal peptides, although the peptides are fairly short on the phage coat. 

A large number of phage libraries have been constructed over the years, with a number of pro- 
teins having been displayed on the phage and having provided a basis for construction of new types 
of phage libraries. The proteins ranged from single-chain antibodies and F ab fragments of anti- 
bodies, to protein fragments, enzymes (even as large as alkaline phosphatase), protein hormones, 
inhibitors, toxins, receptors, ligands, DNA and RNA binding proteins, cytokines, and others. Very 
different classes of target molecules were subjected to selection, including antibodies, enzymes, 
sugars, and small molecules. A number of applications were reported, ranging from epitope map- 
ping, identification of new receptors and natural ligands, drug discovery, epitope discovery, and 
selection of new materials. 

In addition, theoretical approaches to biopanning emerged [12-14], helping investigators imple- 
ment the most efficient techniques for selecting binders. Most notably among the recent literature, 
a number of excellent books [15-17 ] and review articles [18-22] that focus on different aspects of 
phage display have been published. 

FILAMENTOUS PHAGE BIOLOGY 

The filamentous bacteriophages are a group of viruses that contain a circular single-stranded DNA 
genome carried in an elongated protein capsid cylinder. The Ff class of the filamentous phages, 
incorporating phage fl, fd, and M13, is of greatest significance to phage display, and phage M13 in 
particular (schematic diagram in Figure 9.1) has been used most often to construct phage libraries. 
The host of filamentous phage is Escherichia coli. A complete listing of phage proteins and the 
genes encoding them is provided in Table 9.1. 

M13 Virion 

The filamentous phage genome consists of 6407 nt single-stranded DNA and encodes 11 proteins. 
Five structural proteins include a minor coat protein pill, the major coat protein pVIII, and three 
other proteins (pVI, pVII, and pIX) (Figure 9.2). Proteins pill and pVI cluster on the adsorption end 
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FIGURE 9.1 Schematic of coliphage M13 virion. ( Source : Modified from Slide 1 (of 33) from http://www. 
niddk.nih.gov/fund/other/archived-conferences/2001/genoproteo/wang.pdf.) 



TABLE 9.1 

F-specific Filamentous Phage Genes/Proteins and Properties 



Gene 


Protein 


Size (aa) 


Function 


Location 


Used for Display? 


/ 


I 


348 


Assembly 


Inner membrane 






XI 


108 


Assembly 


Inner membrane 




II 


II 


409 


Replication (nickase) 


Cytoplasm 






X 


111 


Replication 


Cytoplasm 




III 


III 


406 a 


Virion component 


Virion tip (end) 


Yes (N-term) 


IV 


IV 


405“ 


Assembly (exit channel) 


Outer membrane 




V 


V 


87 


Replication (ssDNA bp) 


Cytoplasm 




VI 


VI 


112 


Virion component 


Virion tip (end) 


Yes (C-term) 


VII 


VII 


33 


Virion component 


Virion tip (start) 


Yes (N-term) 


VIII 


VIII 


50“ 


Virion component 


Virion filament 


Yes (N- and C-term) 


IX 


IX 


32 


Virion component 


Virion tip (start) 


Yes (N-term) 



a Mature protein without signal sequence. 

Source: With permission from Table 1 on p. 7 of Ref. 15 (© 2004, Oxford University Press). 



of the virion, while proteins pVII and pIX cluster on the maturation end. These proteins are present 
in very few (three to five) copies in the virion, in sharp contrast with pVIII (2700 copies). The six 
non-structural proteins are replication proteins pH and pX, single-stranded DNA binding protein 
pV, and morphogenic proteins pi, pIV, and pXI (Arabic numerals, instead of Roman numerals, are 
sometimes used to designate the proteins and genes). 

Information about the virion structure comes primarily from x-ray diffraction studies and elec- 
tron micrography. The M13 genome is packaged into a phage capsid 65 A in diameter and 9300 A 
in length (Figure 9.3). The main building block for the capsid is the 50-amino-acid-residue-long 
protein pVIII, oriented at a 20° angle from the particle axis and assembled in a shingle-type array. 
The assembly of pVIII proteins leaves a cavity with a diameter of 25 to 35 A, filled with phage DNA 
throughout the length of the virion. The phage DNA is oriented in the particle, determined by the 
packaging signal (PS), which forms an imperfect hairpin and is positioned at the maturation end of 
the phage particle. The PS is necessary and sufficient for incorporation of the DNA into the phage 
particle. The bulk of the pVIII protein (residues 6 to 50) forms an a-helix. Five N-terminal residues 
are surface-exposed, while residues near the C terminus interact with the genomic DNA. The amino 
terminus of pVIII has been the subject of extensive engineering in the process of creating phage 
libraries. 

The ends of the particle have a different appearance in electron micrographs. The pointed end 
(also known as the adsorption, proximal, or infectious end) consists of about five copies each of 
pill and pVI. The 406-residue pill is, by far, the most commonly used protein in phage display. 
It consists of three domains (Nl, N2, and CT) separated by two glycine-rich linkers (Figure 9.3B 
and C). Domains Nl and N2 appear in electron micrographs as knobby structures emanating from 
the pointed end of the particle into the medium and are key for infectivity. The crystal structure of 
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FIGURE 9.2 Phage M13 genome. The replicative form DNA (RF DNA) is depicted. The genes are desig- 
nated by Arabic numerals, while the proteins they encode by Roman numerals. Proteins X and XI are not 
encoded by separate genes, but are derived from gene 2 and gene 1, respectively, as discussed in the text. 
(Source: Modified from a GP Smith PowerPoint slide.) 



a polypeptide comprising both domains has been determined (Figure 9.3C). The C-terminal 132 
residues of the CT domain are proposed to interact with pVIII and form the proximal end of the 
particle; they are also thought to be buried. Most importantly, they are necessary and sufficient for 
pill to be incorporated into the phage particle and for termination of assembly and release of phage 
from the cell. 

The role of 112-amino-acid-long protein pVI is not fully understood. It is thought that the pro- 
tein interacts with pVIII at the tip of the particle and is partially buried. The C-terminus of pVI has 
been used to display heterologous proteins [23], suggesting that it is accessible on the surface of the 
phage particle. 

The other phage particle end, also known as the distal or maturation end, appears blunt in 
electron micrographs. It has approximately five copies each of two small proteins pVII (33 amino 
acids in length) and pIX (32 amino acids in length). While protein interactions at this particle end 
are not fully understood, it has been shown that the amino termini of both proteins can be used to 
display proteins (both light- and heavy-chain variable domains have been displayed [24]). In addi- 
tion, a library of single-chain antibodies has been constructed as a fusion to the amino terminus of 
pIX [25]. 

Ml 3 Phage Life Cycle 

In describing the M13 life cycle, we focus on the aspects of direct significance to experimentation 
with phage display. More detailed descriptions are available [16, 26, 27]. 

To infect the bacterium, the bacteriophage uses the tip of the F conjugative pilus of Escherichia 
coli as the receptor. The three bacterial proteins required during phage infection are TolQ, TolR, 
and TolA, which appear to form a complex anchored in the cytoplasmic membrane; the complex 
protrudes into the periplasm of E. coli. Infection starts with the binding of the N2 domain of the 
phage pill protein to the tip of the F pilus, followed by a retraction of the pilus, which brings the 
adsorption end of the particle to the periplasm. As a result of this binding, the N 1 domain of pill 
is released from the N2 domain and is allowed to interact with TolA. Thus, the tip of the pilus can 
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FIGURE 9.3 Panel A: Electron micrograph of a filamentous ssDNA phage. (Source: Courtesy of Professor 
R. Webster. GP Smith PowerPoint slide, with permission.) Panel B: Schematic of the pill structure, including 
domains Nl, N2, and CT, and glycine-rich linkers G1 and G2. Numbers indicate amino residues comprising 
the domains. (With permission, from Fig. 3 on p. 5 of Ref. 15; © 2004 Oxford University Press.) Panel C: 
Crystal structure of the Nl and N2 domains of pill [27]. Image was generated using KiNG software and file 
lgp3.pdb was provided by Protein Data Bank (www.rcsb.org). Numbering is according to the amino acid 
residues: 1 - amino terminus and the site for display of peptides and proteins fused to pill; 1-65 - Nl domain; 
91-217 - N2 domain. The structure of the 66-90 region, a glycine linker, has not been determined. Panel D: 
Computer rendering of the electron density map of M13 based on x-ray diffraction studies. 46 (With permission, 
from Lee Makowski and the publisher (© 1992 Elsevier)). The elongated rod-like structures are pVIII subunits 
forming the phage coat. The highlighted structure corresponds to a single pVIII subunit. Panel E: Model of 
the a-helical domain of pVIII. 47 (With permission from Valery Petrenko and the publisher (© 2007 Elsevier) 
based on x-ray fiber diffraction and solid-state NMR data.) 49 Four differently shaded areas are as follows (from 
top of figure to bottom): (1) the foreign peptide fused to the amino terminal region of pVIII; (2) amino acids 
6-11 of pVIII; (3) amino acids 12-19 of the engineered pVIII; and (4) buried residues of pVIII (amino acids 
20-50). Panel F: Space-filling model of the phage. About 1% of the phage length is shown. Shaded areas: same 
as in Panel E. The highlighted structure corresponds to a single pVIII subunit. Credits and permissions: same 
as in Panel E. 



be considered a receptor, and TolA a coreceptor. The processes of phage particle disassembly and 
entrance of the single-stranded phage DNA into the cytoplasm that follow are not well understood. 
Phage pVIII protein is reused in the making of the new phage, and DNA, which is a (+)-strand (same 
orientation as phage mRNA), undergoes replication. 

The (+)-strand becomes a template for synthesis of the complementary (-)-strand. The synthesis 
by bacterial enzymes and the introduction of negative supercoils by a gyrase produces a covalently 
closed, supercoiled, double-stranded DNA called the parental replicative form DNA (RF DNA). 
This RF DNA serves a triple role: initially, it is a template for transcription of mRNA and for syn- 
thesis of additional RF DNA, and after the sufficient amount of phage protein has accumulated, it 
serves as a template for synthesis of the (+)-strand to be packaged into new phages. Phage protein 
pH is necessary for nicking/closing the DNA to be replicated, while the accumulation of pV results 
in the formation of a complex between pV and (+)-strands, thereby preventing the conversion of 
the (+)-strand to RF DNA. The RF DNA/pV complex serves as a substrate for phage assembly. An 
additional protein, pX, created by an in-frame translational start within the p/7 mRNA and thus 
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having a sequence identical to the 111 carboxy terminal residues of pll, helps regulate the replica- 
tion of phage DNA. 

Phage assembly is a complex process requiring five structural proteins (pill, pVIII, pVI, pVII, 
and pIX); three assembly proteins (pi, pIV, and pXI); and at least one bacterial protein, thioredoxin. 
Protein pXI is created by an in-frame translational start within the gene I mRNA and thus having a 
sequence identical to the 108 carboxy terminal residues of pi. At the core of the assembly process 
is the removal of pV from the pV-DNA complex and the association of structural proteins around 
single-stranded phage DNA in the periplasm, where the inner and outer membranes are in close 
contact. At the final stages of phage assembly, the phage emerges from the bacterial cell without 
killing the cell. 

PHAGE PROTEINS USED FOR DISPLAY 

While all five phage coat proteins have been used for display of heterologous peptides or proteins, 
only two have been widely used — pill and pVIII. As a result, there are large amounts of data on 
the design of display experiments and library construction using these proteins. 

Protein pIII 

Of the two proteins pill and pVIII, the former is by far the most commonly used. The insert location 
of choice is the amino terminus of pill; that is, the heterologous gene is cloned between the gene III 
regions that correspond to the signal peptide of pill and domain N1 of pill. Upon secretion of pill 
into the periplasmic space of the cell, the signal peptide is removed and the heterologous peptide 
ends up as a fusion to the amino terminus of the mature pill protein. 

There are several reasons for this cloning site preference. First, the replication processes of the 
phage seem to tolerate a wide range of insert sizes. This can be rationalized by realizing that inser- 
tion places the heterologous peptide at the adsorption end of the phage particle, which creates less 
steric hindrance during phage maturation; pill emerges last during the transport of the particle from 
the bacterial cell into the medium. Proteins as large as alkaline phosphatase have been expressed 
as fusions to pill [28]. On the other hand, many experiments with fusions of short peptides to pill 
have also been quite successful. 

Second, the structure of the amino-terminal half of pill, comprising the N1 and N2 domains 
(Figure 9.3, panels B and C) is highly conducive to phage display experimentation. Both domains, 
but particularly the amino terminus, are exposed on the surface of the phage particle. Thus, one can 
expect the foreign peptide will be able to adopt its native fold and be exposed to the medium, which 
would allow for successful selection experiments. 

Third, the purpose of many phage experiments is the selection of high-affinity binders to a bio- 
molecule of choice. Under such conditions, a monovalent display is often desired, with expression 
on pill being closer to this ideal (5 copies) than a clearly polyvalent (up to 2700 copies) display on 
pVIII. In real life, the valency of display is difficult to measure; it cannot be excluded that, due to 
unavoidable proteolysis, only a small fraction of phage coat proteins, whether pill or pVIII, display 
a foreign peptide. Thus, pill display might be closer to monovalent than the number of pill mol- 
ecules in the virion might indicate. Also, phagemid display (see below) will reduce the fraction of 
pill fusion proteins to native proteins. 

Alternative display locations in pill, namely between the N1 and N2 domains and between the 
N1 and CT domains, also have been explored [29]; however, they have not been widely used. 

Protein pVIII 

Display experiments on pVIII target the amino terminus of pVIII. That is, the heterologous gene 
is inserted between the region corresponding to the signal peptide and the mature pVIII protein. 
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Unlike pill display, there is a significant length limit of six to eight amino acid residues on the size 
of the peptide displayed; this size limit seems to be connected to the interference of larger peptides 
with phage packaging and, in particular, with the transport of the phage particle through the pIV 
channel. Display of larger peptides fused to pVIII is only possible with hybrid phage display systems 
(see section entitled “Phagemid and Helper Phage” below). 

Nomenclature of Phage Display Experiments 

As alluded to above, it is desirable in many phage display experiments to reduce the number of 
foreign peptides displayed on the phage, relative to the native number of pill or pVIII proteins (5 or 
2700 each, respectively). This is done by introducing into the Escherichia coli cell additional copies 
of the wild-type gene III or gene VIII: the gene can reside on the same phage vector that harbors the 
heterologous gene, in which case the system is called 33 or 88, respectively. Alternatively, the gene 
can be harbored on another vector, and such systems are called 3+3 or 8+8. The single-gene sys- 
tems are known as type 3 (p III only) or type 8 (pVIII only). The systems are depicted in Figure 9.4. 
Because the expression level of the wild-type genes can be controlled, the ratio of the heterologous 
to wild-type coat protein can be adjusted as needed. 

Phagemid and Helper Phage 

A popular implementation of the hybrid system involves the use of a phagemid, which is a cloning 
vector based on a plasmid (such as pBR322) and containing the replication origin of a filamen- 
tous phage as well as either gene III or gene VIII modified to accept gene inserts for display. The 
phagemid can be readily propagated in Escherichia coli leading to the accumulation of the pill or 
pVIII fusion protein. To allow formation of viable phage, a co-infection with so-called M13 helper 
phage is required. Compared with the wild-type phage, the helper phage has a compromised ori- 
gin of replication and is unable to be propagated efficiently under normal conditions. However, an 
E. coli cell harboring the phagemid and superinfected with helper phage will produce large amounts 
of a smaller version of the phage carrying phagemid DNA and displaying the heterologous proteins. 
Such particles are then used in affinity-selection experiments. 

An often-used version of the M13 helper phage is M13K07 [30], available from New England 
Biolabs. It is an M13 derivative that carries the mutation Met40Ile in gll, with the origin of replica- 
tion from P15A and the kanamycin resistance gene from Tn903 both inserted within the M13 origin 
of replication [30]. Other types of M13 helper phages are R408 and VCSM13 (Stratagene). 

CONSIDERATIONS FOR SUCCESSFUL PHAGE DISPLAY EXPERIMENT 

While a large number of applications of phage display have been reported, most phage display experi- 
ments fall into the following two categories based on the type of protein immobilized on the phage: 

1. Preparation and screening of a random peptide library, with the goal of identifying a pep- 
tide capable of binding to a given protein under study 

2. Cloning a protein, followed by randomization and selection, with the goal of finding a vari- 
ant (mutant) of the protein possessing a desired property, typically a binding specificity to 
another molecule 

Peptide Library 

The first question to ask is whether an existing peptide library will be adequate for the particular 
experiment. A comprehensive list of random peptide libraries already in existence is provided in Ref. 
18. In addition. New England Biolabs (www.neb.com) supplies the Ph.D. phage display system and 
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FIGURE 9.4 Types of phage vectors for display experiments. A Type 3 vector has a single recombinant gene 
III (open box) bearing a foreign DNA insert (hatched segment): all five copies of pill are decorated with the 
foreign peptide encoded by the insert (hatched circles at the tip). The other phage genes, including VIII (black 
box), are normal. Type 33 vectors provide two genes III , one wild-type, the other an insert-bearing recombi- 
nant. The virions display a mixture of pill molecules, only some of which are fused to the foreign peptide. 
Type 3+3 vectors resemble Type 33 in having two genes III : in this case, however, the recombinant gene is on 
a phagemid, a plasmid that contains, in addition to a plasmid replication origin and an antibiotic resistance 
gene, the filamentous phage “intergenic region.” Type 8, 88, and 8+8 vectors are the gene VIII counterparts of 
the gene III vectors. ( Source : With permission from GP Smith 48 and the publisher [© 1993 Elsevier]). 



several types of libraries, in which seven or twelve amino acid random or disulfide-linked peptides are 
displayed on the phage. The diversity of the libraries is in the range of 1-3 x 10 9 different peptides. 

If the decision is made to construct a new peptide library by cloning a random or partially ran- 
dom nucleic acid sequence within gene III or gene VIII, the desired length of the peptide must be 
determined, as well as the choice of cloning vector, cloning site, and signal sequence. The majority 
of peptide libraries constructed are of type 3 (see above) [18], and the gene insert is placed down- 
stream of the signal sequence in front of gene III, often in a derivative of phage M13; this is a rec- 
ommended (default) approach. It is more difficult to recommend the peptide length because while 
longer peptides provide a higher level of sequence heterogeneity (proportional to the peptide length) 
and more possibilities for formation of secondary/tertiary protein structures, these longer peptides 
might be more rapidly degraded proteolytically and the library more difficult to handle. Interpreta- 
tion of the results might be more difficult as well [31 1. 

Display of Proteins 

Many different proteins have been displayed on the phage [15, 18], ranging from enzymes (alkaline 
phosphatase, trypsin, lysozyme, [3-lactamase, glutathione transferase); hormones (human growth 
hormone, angiotensin); inhibitors (bovine pancreatic trypsin inhibitor, cystatin, tendamistan); tox- 
ins (ricin B chain); receptors (a subunit of IgE receptor, T cell receptor, B domain of protein A); 
ligands (substance P, neurokinin A); and cytokines (IL-3, IL-4); to different forms of antibodies 
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(scF v , F ab ). The size of the protein, up to around 60,000 Da per subunit, does not seem to be of major 
concern, nor is the existence of a protein in a dimeric form, because a dimeric protein as large as 
alkaline phosphatase has been successfully displayed on the phage [32]. Similarly, a successful 
phage display experiment does not depend on whether or not the protein is secreted in its native 
form, because many intracellular proteins have been displayed on the phage (glutathione S-transfer- 
ase, cytochrome b 562 , FK506 binding protein, and others). The typical approach involves use of the 
3+3 system (with an alternative being the single vector 3 system), with the gene cloned for expres- 
sion on the amino terminus of pill. 

Antibody Libraries 

Special attention should be given to the display of antibodies on filamentous phages due to their 
popularity and wide number of possible applications, but common difficulties are encountered with 
such libraries. Antibodies are disulfide-linked heterodimers composed of light and heavy chains, 
with their total molecular weight often exceeding 150,000 Da. The complexity of the antibody 
molecule in its native state renders it prohibitively difficult to display on the phage, which is why 
approaches have been developed to display a truncated single-chain version of the antibody mole- 
cule. The single-chain antibody (scAb) consists of the variable regions of the heavy and light chains 
connected with a short and flexible peptide linker (Figure 9.5A). Thus, the antigen-binding region of 
the antibody is preserved; however, functionalities associated with the remainder of both heavy and 
light chains, such as binding to various cell receptors and complement proteins, are removed upon 
the conversion to the single-chain form. 

The construction of scAb libraries typically involves the joining of PCR amplified gene frag- 
ments corresponding to the F v regions of the heavy and light chains through a glycine-rich linker, 
placing the signal sequence in front of the construct and followed by cloning between a suitable 
ribosome binding site/signal sequence and the 5'-terminal region of gene III (Figure 9.5B). Often, 
both mAb-tag, his-tag, and an amber stop codon are introduced into the construct as well. 

CONSTRUCTION OF THE PHAGE LIBRARY 

After choosing a phage vector system for library construction, a cloning strategy must be identified. 
A typical approach for inserting a peptide-encoding randomized sequence into a vector relies on the 
cloning of synthetic DNA. An example is presented in Figure 9.6, and the experiment is described 
in detail in Ref. 33. 

The pCANTAB5E phage vector (GE Healthcare) was chosen for cloning, and its two unique 
restriction sites — Sfil and Notl — were selected as the insertion sites for randomized DNA. As a 
result, the randomized peptide was expressed fused to the pill protein and had on its amino termi- 
nus the FLAG peptide. The random insert sequence was of the type (NNK) m where N = A, C, G, or 
T; K = T or G; and m is the number of codons in the random sequence. In the example quoted, m = 
40; however, m can vary greatly, depending on the experimental design, but it typically ranges from 
8 to 30 codons. The purpose of the NNK codon design is to avoid two out of three stop codons. The 
third stop codon (TAG) can be suppressed if the phage is prepared in an Escherichia coli suppressor 
strain, such as TGI [F’ traD36 lacE lacZM 15 proA + B + / supE A{hsdM-mcrB)5(rkrmk~ mcrB~) thi, 
A (lac-proAB)], leading to incorporation of glutamine into the polypeptide chain in response to TAG 
codons. Despite this limitation, all amino acid residues can be incorporated into the polypeptide 
due to redundancy in the genetic code. In this example, the random sequence resided on a synthetic 
oligonucleotide (145 nt long) that was converted to double-stranded DNA in a PCR, digested with 
Sfi\ and Notl, ligated into the pCANTAB5E vector, and electroporated into E. coli. 

There are many methods to clone DNA into phage vectors. Other than the PCR-based cloning 
outlined above, approaches often used to clone randomized cDNAs that encode larger proteins 
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FIGURE 9.5 Antibody structure and recombinant forms used for phage display. The single-chain Fv (scFv) 
contain the antigen binding V H and V L domains from immunoglobulin G (IgG) and can be displayed on 
phages. In the case of the Fab and the diabody, one of the chains is secreted as a pill fusion and the other is 
secreted as native non-fusion protein. Thick lines indicate peptide connections, and thin double lines indicate 
disulfide bonds. In the case of the diabody, the V H and V L encoding a single specificity are found on different 
chains, but come together at the protein level, as shown. ( Source : With permission from p. 245 of Bradbury 
and Marks article in Ref. 15 [© 2004 Oxford University Press].) 
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GCGTOACA CTCAQGTTTT CTAAAGC 
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Hot I pCANTABSE 

TATG0GGCCC AGCCGGCdAT GGCCCAGGTC CAACTGCAGG AGCTCGAGAT CAAACGCfcCG QCCGCfcGCTG CGCCGGTGCC GTATCCGGAT 
ATACO ICCOGG TCGGCCGa TA CCGQGTCCAG GTTGACGTCC TCGAGCTCTA CTTTGC drOC CCGCGb cCAC GCGGCCACGG CATAGGCCTA 
TycAlaAlaG InProAla Ala AlaAlaGlyA laProValProTyrProAsp 



FIGURE 9.6 Cloning of a DNA insert carrying a randomized sequence into the pCANTAB5E phagemid. 
(Source: From Figure 1 on p. 1994 of Ref. 33.) 



include Kunkel mutagenesis [19, 34], a variety of oligonucleotide -based mutagenesis methods, ran- 
dom mutagenesis, combinatorial infection and recombination, and DNA shuffling [17], 

Library Diversity 

The potential library diversity D goes up very rapidly with the number of randomized positions 
m, according to the formula D = 20 m (assuming all 20 amino acids can be incorporated). For m = 
8, the potential diversity exceeds 2 x 10 10 , which is already larger than the number of independent 
clones in a typical phage library. This means that libraries in which more than eight positions are 
fully randomized will actually not contain a representation of all possible sequences — a reflection 
of the enormous diversity of protein sequences. It is reassuring for those who work with phage pep- 
tide libraries that binders to many (if not most) proteins are obtainable from such libraries despite 
a striking contrast between the number of clones in the phage library and the number of allowable 
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sequences. The selection of the binder can be represented as a search for function in a multidimen- 
sional protein sequence space [18, 35, 36]. 

Achieving a library diversity of more than 10 10 independent clones is not easy. While electro- 
poration efficiency can be more than 10 10 clones per 1 mL electrocompetent cells and the amount 
of DNA is typically not an issue, one needs to remember that the electroporation efficiency quoted 
applies to ideal conditions (i.e., native double-stranded supercoiled DNA), while the in vitro con- 
structed DNAs typically transform with significantly lower efficiency. In the example quoted above 
[17], the peptide library of 1.5 x 10 10 clones was constructed by combining five sublibraries, each of 
which was obtained from about 100 electroporations. 

SELECTION (BIOPANNING) EXPERIMENT 

The principle of phage selection (Figure 9.7) relies on exposing the target proteins immobilized 
on solid phase to the phage library, allowing peptides carried on phages to bind specifically to the 
target proteins and be retained on solid phase, and removing the excess phage by washing. Because 
this biopanning step will always result in an undesired retention of non-specifically bound phage, 
the step is repeated with the eluted and amplified phage. The total number of biopanning steps can 
vary from two to four or more, depending on the experimental strategy and conditions. The final 
product of the phage enrichment procedure is a group of phage clones that are considered potential 
binders to the target protein. Typically, the target-binding properties of the phage clone are con- 
firmed in a phage ELISA assay, and the phage 
DNA is subjected to DNA sequencing, which 
identifies peptide sequences capable of binding 
to the target of interest. The biopanning cycle 
is schematically represented in Figure 9.8, and 
a comprehensive selection of biopanning proto- 
cols is presented in Ref. 16 and Ref. 37. 

A great deal of variation is allowed in bio- 
panning procedures. Different solid-phase mate- 
rials have been used, such as polystyrene (the 
material of choice for making standard microti- 
ter plates), nitrocellulose, or polyfvinylidene 
fluoride [PVDF]). The binding reaction can take 
place in solution; in this case, the target protein 
is biotinylated and the phage-target complex is 
harvested by binding it to streptavidin-coated 
microtiter plates [38]. The biopanning stringency 
also can be varied by adjusting the binding/elu- 
tion buffer composition, time, temperature, 
etc. A general rule of thumb for protein targets 
known to bind to short linear epitopes (e.g., 
antibodies recognizing such epitopes) is to use FIGURE 9.7 Phage display principle. Schematic 

more stringent conditions and fewer biopanning diagram of a display library being “panned on a 

rounds, while target proteins that bind to more Petri dish t0 which an °Pen-jawed receptor has been 

, ,v . ... tethered. Phages displaying peptides that bind the 

complex structures often require an optimiza- ° , , , 

. , . . . , receptor are captured on the dish, while the remain- 

tion of the biopanning approach. , , , ,, , , , 

r & rr mg phages are washed away; the captured phages are 

The analysis of phage clones after biopan- eluted, cloned, and propagated by infecting fresh host 

ning begins with an ELISA in which the pep- cells, and the relevant part of their DNA sequenced to 

tide-bearing phage is immobilized in the well of identify the peptide responsible for specific binding, 

a microtiter plate using an anti-phage antibody, (From Ref. 48, with permission from GP Smith and 

and the presence and target-binding properties the publisher [© 1993 Elsevier].) 
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FIGURE 9.8 A schematic for the biopanning cycle. (Source: Modified from Slide 6 (of 33) from http://www. 
niddk.nih.gov/fund/other/archived-conferences/2001/genoproteo/wang.pdf.) 



of the peptide are verified by binding of the target protein to the peptide. This is followed by a visu- 
alization of the target protein with an appropriate reagent, such as biotinylated HRPO (horseradish 
peroxidase) for the streptavidin-conjugated target protein. 

In the next analysis step, several (often as many as 100 or more) ELISA-positive clones are 
subjected to DNA sequencing over the randomized region of the heterologous gene or cloned insert. 
The obtained DNA sequences are translated and the amino acid sequence of the peptide or the ran- 
domized region is defined. Often, a short linear region of homology can be readily spotted among 
the sequences and a consensus sequence can be derived. 

Typical results from a simple biopanning experiment [39] are presented in Figure 9.9. In panel 
A, biopanning of a peptide library against an HCV monoclonal antibody (mAb) led to a simple lin- 
ear sequence of six amino acid residues, RGRRQP, as a consensus. In panel B, with the target being 
an anti-HBsAg mAb, the consensus is still a short linear sequence, C*TC, where * is any amino 
acid residue. However, the presence of two cysteine residues strongly suggests that the binding form 
of the peptide adopts a looped conformation that is anchored by a disulfide bond formed by two 
cysteine residues. Nonetheless, the confirmation of such a secondary structure as a binding motif 
requires additional experimentation. 

In view of the phage display complexities that can develop due to the high number of differ- 
ent molecules (more than 10 9 ) involved and largely unknown binding properties, it is wise to be 
guided by theoretical models and simulations of phage display [13, 41]. Complexities arise because 
randomized proteins displayed on the phage in the library have vastly differing binding affinities to 
the target. Depending on the target, the binding clones may or may not be abundant; and depending 
on the biopanning procedure, particularly its stringency and number of washes, different groups of 
clones can be retained or lost at varying rates, which can lead to uncertainties in obtaining a desired 
type of binder. Theoretical analyses as in Ref. 13 provide insight regarding the number of biopan- 
ning rounds and washes per round needed, while also helping to track the quantitative increase in 
the number of desired binding clones. Models can help one understand how the affinity distributions 
of phage populations change during panning. 

EXPRESSION OF IDENTIFIED PROTEIN OR SYNTHESIS OF PEPTIDE 

Obtaining consensus sequences can sometimes provide an important clue as to the significance of 
a particular region within a protein sequence, particularly when there is a match between the two 
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FIGURE 9.9 Examples of biopanning results: consensus sequences obtained from biopanning against two 
mAbs, against the HCV core protein (panel A), and HBV surface antigen (panel B). ( Source : A: front Figure 5 
on page 192 of Ref. 40; B: from Figure 1 A on page 1999 of Ref. 39.) 

sequences. But more often than not, further characterization of the binding clones is needed; and 
toward that goal, the protein displayed on the phage needs to be made in appropriate quantity and 
then purified and analyzed. Several approaches to this are possible. 

First, certain phagemid vectors, such as those presented in Figure 9.5, have an amber stop codon 
(TAG) between the gene encoding the displayed protein and pill. A transfer of the phagemid to a 
non-suppressor strain of Escherichia coli can allow for expression of the protein as an entity not 
fused to pill. Moreover, the vector may provide the his-tag or an antibody-tag, which is retained on 
the expressed protein in the non-suppressor strain; such a tag may facilitate protein purification and 
subsequent characterization by ELISA. 

Second, the gene encoding the protein can be re-cloned into an expression system. A large num- 
ber of expression systems are available, and a good choice to start with is the system typically used 
to make the native protein in quantity. 

Third, for random peptide libraries on phage, peptide synthesis is a very good method to obtain 
the peptide in quantity (see, e.g., Ref. 31). Alternatively, the short genes encoding those peptides can 
be fused to a well-characterized affinity protein, such as maltose binding protein (MBP), and stud- 
ies of the fusion protein can confirm the properties of the peptide from phage display. 



COMMON DIFFICULTIES 

While phage display is a powerful tool to select for a peptide or protein that binds specifically to a 
ligand, certain problems might arise due to the complexity of the approach. First, the custom library 
quality is difficult to judge and, in particular, the number of independent clones in the library and 
the valency of display (the actual number of displayed peptides/proteins). Second, certain clones 
could be under- or over-represented due to expression inefficiencies or toxicity. Third, procedural 
difficulties with selection (often, over-selection) may lead to the elimination of clones otherwise 
expected to be identified. 

In addition, the genetic sequence encoding the displayed peptide has not always proven to be 
easily discerned. In our hands, screening a phage display random peptide library for binders to 
specific targets resulted in some instances with as many as 50% of all selected clones not having an 
obvious open reading frame; nevertheless, the peptide had to have been synthesized or the phage 
would not have bound to the target ligand [31]. 
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In a series of experiments, we pursued the explanation for this anomaly for one specific clone 
and its derivatives by fusing the peptide-encoding sequence to a (3-galactosidase reporter and 
expressing it in Escherichia coli [42-44]. Ultimately, our experiments indicated that an unexpected 
translational re-initiation phenomenon was responsible for the anomalous expression [44]; however, 
other unexpected translational events are also possible in such cases [45]. 

CONCLUSIONS 

Phage display provides a myriad of approaches to identify protein ligands. In skilled hands, the 
procedures are quite rapid (a few days), and the results provide a wealth of information about the 
protein ligands and the target protein itself, as well as their interactions. Despite the emergence in 
recent years of alternatives to filamentous phage display, such as aptamers, ribosome display, yeast 
two-hybrid system, bacterial display, other phage systems (T4, T7, and lambda) (see Ref. 19 for 
references), the filamentous phage display nonetheless offers a very reliable set of tools and tested 
procedures and has been improved upon over many years by a large number of investigators. This 
method is an excellent starting point for the identification and activation of protein ligands. 
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INTRODUCTION 

Microbiologists have been identifying organisms since Pasteur first realized that in addition to 
producing the fine wines of France, microorganisms also caused disease. Since that time, it appears 
as if the chief goal of diagnostic microbiology has been to come up with the one test that would 
separate the helpful organisms from those that are harmful. The unfortunate thing is that every 
time someone developed this ultimate test, it was eventually discovered that there was always some 
overlap. The purpose of this chapter is to describe the major methods being used to identify micro- 
organisms in the laboratory today. 

CULTURE 

This is the oldest technique used in the laboratory today and has a very simple premise. Organ- 
isms are grown on media and then identified using biochemical tests. Despite all the advances that 
have been made in the laboratory since this technique was first used by Pasteur and Koch more 
that 125 years ago, it remains the number-one method used in clinical laboratories today (personal 
observation). Many sources and formulations for media exist, and a description of them can be 
found in the Difco and BBL Manual (available in print from Fisher Scientific, Inc., Hampton, NH, 
or online at www.bd.com/ds/technicalCenter/inserts/difcoBblManual.asp). 

Selecting the appropriate media seems like a daunting task but it can be made much easier if 
one realizes that all media can be categorized into one of three groups. To determine which media 
is best suited for a particular application, the technician should first determine which of the three 
groups the needs of the research fit into: (1) general, (2) selective, or (3) differential media. 
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Media Types 

General Media: These have been developed to allow the widest variety of microorganisms to grow. 
Typically, they are used in applications in which the sample contains a mixture of microorganisms, 
and the specific one that is responsible for causing a particular medical or environmental effect is 
not known. As a result, the media that will support the growth of all of the organisms in a sample 
is needed. One of the most widely used general media is Trypticase Soy Blood Agar. It is usually 
prepared with 5% defibrinated sheep blood in a nutrient agar base. 

Selective Media. These have been developed to allow only certain microorganisms to grow. 
Typically, they are used in applications in which the organism of interest makes up only a small por- 
tion of the organisms found in a sample. They are used when one wants to isolate specific pathogens 
in samples with an extensive normal flora. An example of a selective media is Thayer Martin Agar, 
which is used in the isolation of Neisseria. 

Differential Media: These are a subset of selective media that were developed to not only 
select organisms, but also to help identify them. Not only will the organisms of interest grow on 
the plate, but they will also produce characteristically colored colonies. An example of differential 
media is MacConkey Agar, which is used to differentiate lactose-fermenting Enterobacteriacae 
from non-lactose fermenters. While both types of colonies will grow on the media, only the lactose- 
fermenting organisms will produce purple colonies. 

Two other factors to consider when choosing growth media are whether the media is defined 
or undefined. Defined media consist of components that are all chemically defined. They are rarely 
encountered in the microbiology laboratory. Most media are undefined. Undefined media are usu- 
ally prepared from digests of animal or plant proteins, and as such do not have a defined chemical 
formula. These media are usually tested for growth with a small, specific battery of microorgan- 
isms, prior to release for sale by the manufacturer. This can sometimes result in lot-to-lot variations 
in growth patterns for organisms that are not found on the manufacturer’s quality control testing 
battery of microorganisms. If researchers are using an organism not being tested by the manufac- 
turer, it is always a good idea to test any new lots of media with their own battery to determine if 
they are suitable. 



COLONIAL MORPHOLOGY 

Different species of organisms will usually have characteristic appearances following incubation on 
solid media. Characteristics used to describe colonies include: 



Size 

Shape 

Rough vs. smooth 
Mucoid 



GRAM STAIN 

Following isolation on a culture plate, the first test routinely performed is the Gram stain. A stan- 
dard method is described in Chapter 4, Stains for Light Microscopy by Stuart Chaskes. After stain- 
ing, organisms are examined under a microscope and characterized by reaction (+ = purple, - = 
pink); and by morphology (cocci = spheres, bacilli = rods, spirochete = helix). While this is the basic 
pattern, variations in shape do exist. 
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BIOCHEMICAL TESTS 

Conventional biochemical testing is performed following the Gram stain. Organisms are suspended, 
usually in physiological saline, and then inoculated into test tubes containing chemicals and indi- 
cators, and incubated. The choice of chemicals depends on the results of the Gram stain. Many of 
these are described in the chapters dealing with specific organism groups in this book. Following 
incubation, the results are read and the identification of the organism is determined. These tests can 
consist of solutions of simple carbohydrates, which contain a dye that changes color with a change 
in pH; solutions of chromogenic substrates that change color when they are cleaved; or antibody 
tests that will specifically react to one organism. Tests can also consist of extraction and identifica- 
tion of cellular components by chromatography. 

Most laboratories no longer routinely perform conventional testing but rely on commercial tests 
instead. The trend over the past few years has been to use single biochemical tests in instances 
where a clinician already suspects the identity of the microorganism. An example of this is the 
BBL™ MGIT™ used for the identification of mycobacteria. The clinical sample is added directly to 
a tube and monitored daily. The tube contains a fluorogenic substrate that will become visible in the 
presence of mycobacteria. 

Most of the time, the clinician will use one of several multitest commercial kits. These kits are 
all similar in that they contain many biochemical tests packaged together. These tests are inoculated 
with a suspension of a single microorganism, and incubated. Following incubation, the results of 
the tests are read and the identity of the organism is determined. For example, the API 20 E® Strip 
(bioMerieux, Inc.) is used for identifying Gram-negative rods. In this product, the positive and nega- 
tive results obtained for each test are used to generate a seven-digit code number. The company’s 
database then uses this number to determine the identity of the microorganism. Table 10.1 lists 
several of these kits, as well as websites for the companies that supply them 

While commercial manual tests are easier than conventional tests, they are still very labor 
intensive and cumbersome in high-volume laboratories. Since the mid-1980s, instruments have been 
introduced to perform as much of the work as is possible. Instruments are available that can perform 
the inoculation, incubation, reading, and determination steps automatically. Table 10.1 also lists 
some of the commercially available systems. O’Hara has written an excellent in-depth review of 
many of these systems. 1 



TABLE 10.1 

List of Manual and Automated Identification 

Company Manual Product 

bioMerieux, Inc. API Tests (20E®, Staph, 

Rapidec Staph) 

MIDI, Inc. 



Remel 

Biolog 

Trek Diagnostics Systems 
Becton Dickinson/BBL 
Becton Dickinson 

Microscan 



The RapID™, Micro-ID™ 
MicroLog 

Crystal™ 

Enterotube II™, 

Oxi/Ferm II™ 



Products 

Automated Product 

Vitek 2 

The Sherlock® (Microbial 
Identification System 
(MIDI) 

OmniLog® ID System 
Sensititre® 

The BD Phoenix™ 100 
WalkAway® 



Website 

www.biomerieux-usa.com 

www.midi-inc.com 

www.remelinc.com 

www.biolog.com 

www.trekds.com 

www.bd.com 

www.bd.com 

www.dadebehring.com 
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This section concerns itself primarily with bacteria and fungi. Viruses, however, can also be 
identified using culture techniques. This is usually performed using specific cell lines instead of 
specific tests. The pathogen is inoculated into a tube containing a specific cell line, and incubated. 
Following this, the culture is examined for the presence of a distortion of the cell morphology called 
a cytopathic effect (CPE). This can be diagnostic for certain viruses. Alternatively, as described 
below, the inoculated cells can be stained using specific anti-viral immunofluorescent reagents and 
observed under the microscope. Specific cell cultures can be obtained from sources listed in Chap- 
ter 15, “Major Culture Collections and Sources.” 



ANTIBODY ASSAYS 



Agglutination Assays: Antibodies or antigens, depending on the test, are attached to a solid support. 
The support can consist of latex, red blood cells, bacteria (co-agglutination), charcoal, liposomes, 
or colloidal gold. The sample is added and if the analyte is present, it binds to the corresponding 
molecule on the support. The support molecules then form a lattice, which is visible as a clump. The 
tests can be direct or indirect. A direct test is one in which the clinician is trying to detect a patho- 
gen. An indirect test is one in which the clinician is looking for the body’s response to a pathogen 
(e.g., an antibody). In a direct test, an antibody is bound to the support. In an indirect test, an antigen 
(or an antibody) is bound to the support. 

Figure 10.1 shows an example of a direct and an indirect test. Tests for identifying common 
pathogens are available from a large number of commercial suppliers. There are also several suppli- 
ers of latex particles for researchers who wish to develop their own tests. Practical information for 
doing this can be found at the website of Bangs Laboratories (www.bangslabs.com). 

Antibody Labeling Techniques: An antibody is labeled with a tag. This tag can be an enzyme, 
a fluorescent molecule, a radioactive element, or even a colored particle such as latex or gold. As 
above, tests can be direct or indirect. Figure 10.2 shows an example of an enzyme immunoassay 




Direct Agglutination Assay 





Antibodies 




FIGURE 10.1 Agglutination assay. 
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FIGURE 10.2. Steps in an enzyme immunoassay (EIA). 

(EIA). To carry out this test, a solid matrix is required. The most frequently used is the plastic 
microtiter tray. The analyte is specifically trapped on the matrix using either an antibody (direct 
test) or an antigen (indirect test). The matrix is then washed and the labeled antibody is added. Fol- 
lowing another washing step, the label is then detected. In EIAs or enzyme linked immunosorbent 
assays (ELISAs), the label is detected by adding a substrate and observing the formation of a color. 
In fluorescent immunoassays (FIAs), the label is detected using a fluorimeter. In radio immunoas- 
says (RIAs), the label is detected using a Geiger or scintillation counter. 

In recent years, labeled antibody assays have been improved with the introduction of lateral 
flow assays. As shown in Figure 10.3, the test consists of a strip with several components printed 
on it. First, there is the conjugate pad, which contains the labeled antibody. There is also a line of 
trapping antibody, and finally a control line, which contains the analyte being assayed. The sample 
is added and capillary action moves it through the conjugate pad. If the sample contains the analyte, 
it will bind to the conjugate and pull it forward as it migrates down the strip. When this labeled 
complex encounters the trapping antibody, if the analyte is present, the complex will bind, forming 
a colored line. To allow for a positive control, these tests are designed to have an excess of labeled 
antibody. As the front continues to flow, this excess labeled antibody will bind to the analyte in the 
control line. The result is that if the analyte is present, two lines will be seen. If the analyte is absent, 
only the control line is observed. There are two major ways of visualizing the lines. In one type of 
test, the antibody is labeled with an enzyme and substrate must be added to visualize it. In another 
type of test, the antibody is labeled with colored markers (such as latex or gold particles) and can be 
viewed without any additional steps. 

A recent improvement to the lateral flow assay is the Dual Path Platform (DPP™). As shown in 
Figure 10.4, the sample and conjugate have independent flow paths, which allows for greater sensi- 
tivity and also the ability to identify multiple analytes in a single sample. 2 (See www.chembio.com 
for full description of the technology.) 
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FIGURE 10.3. Lateral flow assay. 




FIGURE 10.4. Dual path platform. 

Antibody Labeling Technique Variations 

Second Antibody: This procedure is used to increase sensitivity and to minimize the number of 
labeled antibodies that the lab must maintain. The steps are as described in Figure 10.2, except that 
the “detecting” antibody is unlabeled. After this antibody has bound to the analyte, it is detected 
using a generic labeled second antibody prepared in a different species. For example, individual 
unlabeled antibodies to separate microorganisms can be prepared in a rabbit. These rabbit antibod- 
ies can be used to bind the pathogen in the plate as in Figure 10.2. If one now adds a labeled anti- 
rabbit immunoglobulin antibody prepared in another animal, such as a goat, this will bind to the 
rabbit antibodies and be detected. Because there are many more sites to bind, this will increase the 
sensitivity of the assay. 
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Another advantage is that this single reagent can be used to detect any of the rabbit antibodies. 
As a result, a laboratory can produce rabbit antibodies to an entire array of pathogens, but only need 
produce the single labeled anti-rabbit immunoglobulin antibody to detect them. 

Enhanced EIA: This is used to increase sensitivity. The steps are as described in Figure 10.2, 
except that the first antibody does not produce a colored end product; it produces a substrate for a 
second antibody. This second antibody now reacts with an increased amount of substrate and pro- 
duces the colored end product. 

Biotin/Avidin: Biotin is a vitamin that has a strong affinity for the glycoprotein avidin and can 
be bound to an antibody. After the antibody has bound to the analyte, an enzyme-labeled avidin 
is added. Upon adding the substrate, a colored end product is produced. This variation is used to 
increase sensitivity, and also to provide a system where multiple analytes can be detected using only 
a single labeled reagent. 

Neutralization: This is a technique usually used to detect low levels of antibody in a patient’s 
serum. A known amount of antigen is bound to a solid support. A labeled antibody is then added, and 
the amount of the end product is recorded. Following this, the procedure is repeated, but increasing 
amounts of the patient sample are mixed with the labeled antibody, if the patient sample contains 
an antibody to the antigen, it will compete with the labeled antibody and reduce (neutralize) the 
amount of end product detected. The clinician can calculate the level of antibody in the patient’s 
blood by noting the quantities of patient sample and the decrease in end product. 

Slide Tests: Labeled antibodies can also be used to specifically stain pathogens on a slide. One 
type of very sensitive assay is the direct fluoroimmuno assay. In this procedure, the sample is fixed 
to a slide and then the slide is incubated with a fluorescently labeled antibody. Following a washing 
step, the slide is viewed under a fluorescent microscope. If the analyte is present, fluorescence is 
observed. This test can be used to detect viruses growing in cell culture. 

Many of the companies listed in Table 10.1 also supply antibody-based tests. Suppliers of specific 
antibodies as well as contracting services can be found at the website www.antibodyresource.com 

NUCLEIC ACID PROBES 

A labeled DNA probe that is complementary to a specific sequence in the organism of interest is 
synthesized. This probe is added to the sample and allowed to anneal. Following a washing step, 
the sample is assayed for the presence of the label. As with antibodies, the label can be a radioactive 
molecule, an enzyme, biotin/avidin, or a fluorescent molecule. Labeled probes have also been used 
to identify species on the bases of their ribosomal RNA sequences. Figure 10.5 shows an example 
of the use of a DNA probe. 




GATCTTACGATCGA 




FIGURE 10.5 



DNA probe. 
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FIGURE 10.6. Polymerase chain reaction (PCR). 

A disadvantage of this technique is that many DNA sequences used to identify an organism 
may only occur once in the genome. As a result, there are usually only limited molecules to detect. 
Advances in this held have relied on methods to either amplify the amount of material that can be 
detected, amplifying the label, or looking for other nucleic acids in the cell. 



Sample Amplification Methods 

Polymerase Chain Reaction: A specific region of DNA is copied exponentially. The DNA is ampli- 
fied by supplying primers hanking the region of interest, nucleotides, and DNA polymerase, and 
then allowing them to undergo many rounds of replication. Figure 10.6 shows the basic steps. After 
the hrst round, there will be four strands. In addition to the original two strands, there will be one 
strand missing the 5' end and one strand missing the 3' end. After the second round of replication, 
strands that contain only the area of interest will have been produced. In subsequent rounds, these 
strands will be produced exponentially. Cycle times of 15 min are now possible, meaning that in 8 
hr, the region of interest can be multiplied millions of times. 3 Once the DNA has been amplified, 
specihc probes can be used to detect the pathogen. While the steps are fairly standard, different 
types of DNA may necessitate variations in the temperatures and in the times of incubation. In 
many instances, these parameters must be determined by the investigator. 

Real-Time PCR: In recent years, the trend has been to detect the nucleic acid, as it is being 
multiplied in real-time. Two examples of commercial systems that are in use are the LightCycler® 
and Taqman®, both from Roche Diagnostics, Inc. 

Taqman: Similar to conventional PCR, but in addition, a small probe is annealed to the ampli- 
con. This probe has a fluorescent molecule at one end, and a fluorescent quencher at the 
other. As replication takes place, the taq polymerase in addition to adding bases to the 
primer also uses its nuclease activity to destroy the probe. This frees the fluorescent mol- 
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ecule from the quencher, and results in fluorescence that can be measured. A video repre- 
sentation of this technique can be viewed at www.med.unc.edu/anclinic/Tm.htm. 

LightCycler: Primers are used as in regular PCR. In addition, two fluorescent probes are also 
included. Each fluorescent probe hybridizes to the same strand of DNA being copied, but 
contains a different fluorescent molecule. As the amplicon is synthesized, both fluores- 
cent probes are incorporated. To detect them, light at a wavelength that excites the first 
fluorescent molecule is directed at the sample. When the first molecule is excited by this 
wavelength of light, it fluoresces a second wavelength. This wavelength will only excite the 
second molecule if it is on the same strand of the copy. When the second molecule is excited, 
it fluoresces at a third wavelength. The instrument then detects the third wavelength. Light 
at the third wavelength will only be detected if the amplicon contains both probes. 

Information about both Taqman and LightCycler can be found at www.roche-diagnostics.com. 

Variations of PCR: 

Nested PCR amplification: This occurs in two steps, using two different primer pairs. It can 
increase the sensitivity and specificity of the PCR reaction . 4 

Booster PCR amplification: Occurs in two steps but differs from nested PCR in that the same 
primers are used for both steps . 5 

Hot Start PCR: PCR mixture, with the exception of one ingredient, is kept at temperatures 
above the nonspecific binding threshold. The missing component is added and cycling 
begins at an elevated temperature. This reduces nonspecific binding . 6 

Multiplex PCR: Several probes are used at one time. It can be used to distinguish multiple 
organisms in a single sample. This helps overcome the expense of examining a sample and 
looking for only one pathogen . 4 

Random Amplified Polymorphism DNA: Random primers are used for PCR in a sample. The 
amplified products are separated by size using gel electrophoresis. The patterns obtained 
from different samples are compared. This can be used to identify similar organism 
biotypes . 7 

Fluorescent Amplified- Fragment Length Polymorphism: Genomic DNA is specifically cut in 
a limited number of locations, using restriction endonucleases. These fragments are then 
ligated to double-stranded oligonucleotides. Lluorescene-labeled primers are then added, 
and several cycles of PCR are run. The labeled fragments are separated on a gel, by size. 
Different strains of an organism will give different patterns of fluorescent bands, which 
can be used as a fingerprint . 8 

Ligase Chain Reaction: The steps are similar to PCR. Oligonucleotide primers are con- 
structed, but in LCR the primers actually flank the gene on both sides of each strand. The 
sample is heated to denature the DNA, and then cooled to allow the probes to anneal to 
their complementary strand. Ligase is added and fills in the gaps between the two primers, 
but only if they are aligned. As the reaction proceeds, the newly formed ligated primers as 
well as the initial DNA can now be used as templates. Again, this leads to an exponential 
replication of the DNA region of interest . 9 

Other Sample Amplification Methods: There are several other methods that use sophisti- 
cated molecular biology techniques primarily to amplify and quantify RNA viruses. Three 
of the most common are Amplicor™, commercially developed by Roche Molecular Sys- 
tems; Transcription-Mediated Amplification, commercially developed by Gen-Probe; and 
Nucleic Acid Sequence Based Amplification (NASBA), commercially developed by bioM- 
erieux Organon/Technika. 

Amplicor: A specific DNA primer is annealed to a target RNA molecule. An enzyme with 
both DNA polymerase and reverse transcriptase activity is then used to complete the com- 
plementary DNA copy. Using this cDNA as a template, PCR is then carried out, using 
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biotinylated primers. The biotinylated amplicon is then bound to a specific probe-coated 
microwell. The amplicon is detected using an avidin-HRP conjugate, which yields a colo- 
rimetric result. 10 

Transcription-Mediated Amplification (TMA). In TMA, RNA polymerase and reverse tran- 
scriptase are used to amplify RNA to produce a DNA copy. A double-stranded DNA mole- 
cule is then synthesized and used for transcription to produce new RNA copies of the original 
sequence. TMA is isothermal and does not require a thermal cycler. The most recent version 
of TMA can also amplify DNA. (See www.gen-probe.com for specific information.) 

Nucleic Acid Sequence Based Amplification (NASBA). This technology is also isothermal and 
uses reverse transcriptase, RNA polymerase, and RNase H to amplify RNA molecules. 11 
Recent articles have appeared, in which molecular beacons have been used to perform real- 
time NASBA. 12 A commercial real-time system, Nuclisens, is available from bioMerieux. 

Reverse Hybridization: A series of probes are placed on an inert support. The organism DNA 
is labeled and hybridized to the support. Label will be visible in areas where there is homology 
between the organism and the probe. This information is used to identify the organism. This tech- 
nique is especially useful in epidemiological studies in which one is trying to identify organism 
biotypes. In a recent article, PCR and reverse hybridization were combined to produce a test to 
identify the (3-papilloma virus. 13 

Strand Displacement: This is a technology that involves using a restriction endonuclease to 
create a nick in a DNA molecule. Polymerases and primers are subsequently used to continuously 
produce new strands, downstream from the site of the nick. As each new strand is started, it replaces 
the one that had been previously created. This is an isothermal technique. 14 

Signal Amplification Methods 

Branched Chain DNA: Unlike the technologies discussed above, this technology increases assay 
sensitivity by amplifying the signal molecules in a reaction. As described in Figure 10.7, a trapping 
sequence is immobilized on the bottom of a microtiter tray. The sample is added and hybridizes to 
it. An extender sequence, which is complementary to the sample and to an arm of the amplification 

Branch 




FIGURE 10.7. Branched chain reaction. 
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molecule, is then added and allowed to hybridize to the sample. An amplification molecule with 
many branches on it is then added and hybridizes to the other side of the extender sequence. In the 
next step, enzyme-labeled sequences that are complementary to the chains of the branch are added. 
Multiple numbers of these will hybridize with the amplification molecule and in the final step the 
label is detected. These assays are frequently used to estimate viral load in HIV and HCV 15 infec- 
tion. Quantiplex is a branched-chain DNA system manufactured by Siemens Diagnostics. 

Hybrid Capture: This technique was originally developed to test for the presence of DNA 
from Papilloma virus in cases of cervical dysplasia. 16 In this technique, RNA probes for the patho- 
gen are added to the sample. If the pathogen is present, an RNA-DNA duplex forms. This duplex 
is then added to a microtiter plate with a trapping mechanism that captures RNA-DNA hybrids. 
Following this, a multiply chemiluminescently labeled antibody specific for RNA-DNA duplexes 
is added. Following the washing steps, the chemiluminescent reagent is added and the duplex is 
detected. Commercial systems are available from Digene, Inc. (www.digene.com). 

DNA MICROARRAY TECHNOLOGY 

DNA microarray technology refers to a technique in which hundreds or thousands of oligonucle- 
otides are attached to a solid support (Figure 10.8). The sample DNA or RNA is then hybridized to 
the support. Following this, sites of binding are detected. Information can be found at www.gene- 
chips.com. This technology has been used in detecting genetic variations among a single species of 
microorganisms. In a recent study, Neverov et al. 17 used the technique to identify different strains 
of measles virus. The technique has also been used in trying to identify multiple pathogens from a 
single isolate. 18 



ELECTROPHORESIS 



This is a method based on separating proteins, or nucleic acids, from microorganisms based upon 
their charge (Figure 10.9). A support matrix, usually a gel (acrylamide or agarose) or acetate strip, 
is prepared, and the sample, prepared in an appropriate buffer, is placed in or on the support. When 
a current is applied, charged molecules in the sample will migrate at a speed that is related to their 
charge. There are variations of this technique that create a chemical environment in which the 
molecules can also be separated by size or isoelectric point. Following electrophoresis, the support 
is stained and specific molecules can then be identified on the basis of how far they have migrated. 
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FIGURE 10.8 DNA microarray technology. 
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FIGURE 10.9 Electrophoresis. 

Alternatively, the molecules can be removed from the support by blotting onto an absorbing media 
and used for further analysis. 19 

Polyacrylamide Gel Electrophoresis (PAGE): Microorganism proteins are run in the support and 
stained. Coomassie blue and methyl green are commonly used. Specific protein bands are identified. 

Two-Dimensional Gels: The support matrix is subjected to an electric field and then rotated 
90° and run again. This provides much greater resolution. 

Pulse Field Gels: The support matrix is alternately exposed to electric fields in varying direc- 
tions. The advantage of this technique is that it can be used for very large molecules. It is useful in 
identifying the sources of hospital-acquired infections. 

Southern Blots: Microorganism DNA is digested using restriction endonucleases and is then 
run in the support. Following this, the material in the gel is transferred to either a nitrocellulose or 
nylon sheet. Staining the sheet with a DNA-specific stain or by hybridizing a labeled specific DNA 
probes, can then identify bands. 

Northern Blots: Similar to above, except that the sample that is run is RNA. Bands can be 
identified by staining or by using labeled DNA probes. 

Western Blots: Proteins are run and bands are stained using labeled antibodies. This is a con- 
firmatory test in HIV testing. 
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INTRODUCTION 

Since the previous edition of this Handbook, many new antibiotics have been developed and are now 
on the market or undergoing clinical trials. There are many compounds with antimicrobial activity. 
This chapter, however, attempts to summarize current information about, and working models for, 
the mechanisms of action only of antimicrobial agents that are in clinical use or in advanced stages 
of investigation, or that illustrate important points or are used in laboratory research. This chapter 
also provides references to more extensive information. 

The antimicrobial agents presented here will be grouped in three major classes, according to the 
target microbes — (1) antibacterials, (2) antimycobacterials, and (3) antifungals — and then, where 
applicable, by mechanisms of action into six major categories: 

1. Inhibition of cell wall synthesis 

2. Interference with membrane integrity 

3. Inhibition of nucleic acid synthesis 

4. Inhibition of protein synthesis 

5. Inhibition of synthesis of essential small molecules 

6. Miscellaneous (or unknown) effects 

ANTIBACTERIAL AGENTS 

Inhibition of Cell Wall Synthesis 

The bacterial cell wall is a unique structure responsible for multiple functions: maintenance of cell 
shape, protection against osmotic pressure, attachment site for bacteriophage, or serving as a plat- 
form for bacterial appendages such as flagella, fimbriae, and pili. 

The main component of the bacterial cell wall is the peptidoglycan layer. In Gram-positive bac- 
teria, the cell wall is fifty to one hundred molecules thick, whereas in Gram-negative bacteria it is 
only one or two molecules thick. The Gram-negative cell wall is surrounded by an outer membrane, 
consisting of a phospholipid bilayer with incorporated protein molecules. Some of these proteins, 
the so-called porins, form aqueous channels through which hydrophilic molecules, including most 
antimicrobial agents, diffuse across the outer membrane to enter the periplasmic space, which lies 
between the outer membrane and inner (or cytoplasmic) membrane. The peptidoglycan lies in the 
periplasmic space but does not generally pose a physical barrier to penetration by most antimicro- 
bials, because such small molecules easily pass through. Interference with cell wall biosynthesis 
generally has bactericidal consequences because cell wall lysis eventually ensues. In some cases, 
the interference with cell wall synthesis leads to liberation of lipoteichoic acids, which normally 
regulate the activity of hydrolytic enzymes that play roles in the dynamic changes of the cell wall 
in cell growth and division. When the regulation is lifted by the loss of the lipoteichoic acids, these 
enzymes may actively hydrolyze the cell wall, leading to its disintegration. 

Drugs that Inhibit Cell Wall Biosynthetic Enzymes 

Phosphonomycin (Fosfomycin). Phosphonomycin acts as an analog of phosphoenolpyruvate and 
binds covalently to a cysteinyl residue of the phosphoenolpyruvate: UDP-GlcNAc-3-enolpyruvyl 
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transferase; this complex interferes with the formation of UDP-N-acetyl muramic acid (UDP-Mur- 
NAc) early in the synthesis of the bacterial cell wall. 48, 132 

Cycloserine. Cycloserine is an inhibitor of the cell wall peptidoglycan and is active against 
many Gram-positive and Gram-negative bacteria. However, it is mainly used as an antimycobacte- 
rial agent, so we discuss it more extensively in a subsequent subsection. 

Drugs that Bind to Carrier Molecules 

Bacitracin. In the presence of divalent cations, bacitracin complexes with the membrane-bound 
pyrophosphate form of the undecaprenyl (C 55 -isoprenyl) carrier molecule that remains after the 
disaccharide -peptide unit is transferred from GlcNAc-MurNAc-pentapeptide pyrophospholipid to 
the nascent peptidoglycan chain. This binding inhibits the enzymatic dephosphorylation of this car- 
rier to its monophosphate form, which is required for another round of synthesis and transfer of the 
disaccharide -peptide unit. Similar complex formation with intermediates of sterol biosynthesis in 
animal tissues (e.g., farnesyl pyrophosphate and mevalonic acid) may account in part for the toxicity 
of bacitracin in animal cells. 99 ' lta 104 



Drugs that Combine with Cell Wall Precursors 

Glycopeptides: Vancomycin and Ristocetin. Vancomycin and ristocetin are glycopeptide antibiot- 
ics that interfere with bacterial cell wall synthesis. Although the structure and action of vancomycin 
have been studied in greater detail, the mechanism of action of ristocetin is believed to be similar 
to that of vancomycin. However, due to its toxic effects, ristocetin is not used as an antimicrobial 
in clinical practice. 

These drugs are bactericidal and may even kill cell wall-deficient bacteria (L forms), suggesting 
secondary effects not limited to cell wall synthesis. 

Vancomycin is a 1450-Da (dalton) tricyclic glycopeptide in which are linked two chlori- 
nated tyrosines, three substituted phenylglycines, glucose, vancosamine (a unique amino-sugar), 
A'-methyl leucine, and aspartic acid amide. This structure can undergo hydrogen bonding to the 
acyl-D-alanyl-D-alanine terminus of the pentapeptide in various peptidoglycan precursors (e.g., 
UDP-MurNAc-pentapeptide, MurNAc-pentapeptide pyrophospholipid, and GlcNAc-MurNAc-pen- 
tapeptide pyrophospholipid). Binding of vancomycin occurs through a set of backbone contacts 
between the D-Ala-D-Ala dipeptide at the end of the pentapeptide chain and the amides that line 
a cleft formed by the cross-linked heptapeptide of the glycopeptide. The bound glycopeptide acts 
as a steric impediment, preventing lipid II and/or the nascent glycan from being processed further. 
Subsequently, the transglycosylation and/or transpeptidation steps of peptidoglycan synthesis are 
inhibited, weakening the peptidoglycan layers and exposing the cell to lysis. 41 ’ 49 - 81> 9S - 131 

Lipoglycopeptides: Telavancin, Teicoplanin, Ramoplanin, Dalbavancin, and Oritavancin. 
Telavancin is a semisynthetic derivative of vancomycin, featuring the same glycopeptide core as 
vancomycin, but with the addition of an extended lipophilic (decylaminoethyl) side chain to the 
vancosamine sugar and a hydrophilic side chain represented by the negatively charged phospho- 
nomethyl aminomethyl moiety to the resorcinol-like 4'-position of amino acid 7. In contrast to van- 
comycin, which binds to the cell wall, telavancin binds predominantly to the membrane. Telavancin 
thus has a dual mode of action. The lipophilic moiety promotes interaction with the cell membrane 
and anchors the molecule to the cell surface, providing improved binding affinity of the glycopep- 
tide core for D-alanyl-D-alanine-containing peptidoglycan. The rapid bactericidal effect of telavan- 
cin is due to disruption of the barrier function of the membrane, leading to both concentration- and 
time-dependent loss of membrane potential and increased membrane permeability. The hydrophilic 
substituent increases the distribution in the body and promotes rapid clearance from the body, thus 
reducing nephrotoxicity. 43 - 51 79 - 121 
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Teicoplanin is a lipoglycopeptide antibiotic structurally resembling ristocetin, and approved for 
human use outside the United States. Teicoplanin differs from vancomycin in three ways: 

1. The glycosylation number and placement are different from vancomycin. 

2. There is a long-chain fatty acid substituent in the amide linkage to the GlcNAc sugar 
attached to PheGly. 

3. The cross-linked heptapeptide scaffold is different at residues 1 and 3, allowing four side- 
chain cross links (1-3, 2-4, 4-6, 5-7), in contrast to the three in vancomycin. 

Like vancomycin, teicoplanin acts by interacting and forming a complex with the substrate pep- 
tidoglycan units that have the pentapeptidyl tails terminating in D-Ala 4 -D-Ala 5 . This substrate 
sequestration effectively shuts down transpeptidation by making the N-acyl-D-Ala-D-Ala acceptor 
unavailable to the transpeptidases. 11 ' 122 

Ramoplanin is a novel lipoglycopeptide with a unique mechanism of action, causing altera- 
tion of cell wall peptidoglycan linkages and membrane permeability of Gram-positive bacteria, 
thereby disrupting the cell wall. Ramoplanin acts by inhibiting the late-stage assembly of the 
peptidoglycan monomer and its polymerization into mature peptidoglycan. It inhibits the abil- 
ity of the MurG glycosyltransferase to link undecaprenyl-pyrophosphoryl-N-acetylmuramyl-pen- 
tapeptide (Lipid I) with uridyl-pyrophosphoryl-N-acetylglucosamine (UDP-GlcNAc) to release 
uridyl- diphosphate (UDP) and form the disaccharide undecaprenyl-pyrophosphoryl-N-acetyl- 
muramyl-(N-acetylglucosamine)-pentapeptide (Lipid II), which forms the basis of the recurring 
disaccharides in the polysaccharide chain of the peptidoglycan. This mechanism of action might 
involve complexation of Lipid I by ramoplanin, because its antimicrobial activity was found to 
increase dramatically as levels of the antibiotic approached concentrations equivalent to pre- 
dicted cellular pools of Lipid I. 38, 69 - 121 

Dalbavancin is a semisynthetic lipoglycopeptide structurally related to teicoplanin, with an 
unusually long half-life of 6 to 10 days. Dalbavancin interrupts Gram-positive bacterial cell wall 
biosynthesis by binding, like vancomycin, to the terminal D-alanyl-D-alanine of the pentapeptide- 
glycosyl cell wall intermediate, thus inhibiting transpeptidation and leading to cell death. A unique 
property of dalbavancin is the ability to dimerize and anchor itself into bacterial membranes, 
improving its interaction with, and binding affinity to, D-alanyl-D-alanine residues of nascent pep- 
tidoglycan precursors and producing more rapid and potent bactericidal activity against methicillin- 
resistant Staphylococcus aureus (MRSA) and coagulase-negative staphylococci, as compared with 
vancomycin and teicoplanin. 60 - 67 - 21 

Oritavancin is a novel semisynthetic lipoglycopeptide antibiotic with concentration-dependent 
bactericidal activity against Gram-positive cocci, including glycopeptide-resistant enterococci and 
Staphylococcus aureus with intermediate susceptibility to glycopeptides. It also displays a pro- 
longed postantibiotic effect and elevated serum protein binding as compared with vancomycin. The 
mechanism of action of oritavancin is similar to that of vancomycin, with some important differ- 
ences that explain its activity against vancomycin-resistant pathogens: oritavancin can form dimers, 
which cooperatively bind to precursors ending in D-Ala-D-Lac, as well as those with the normal 
D-Ala-D-Ala, and the dimer is stabilized in the most favorable position by the hydrophobic inter- 
actions of the lipophilic side chain, anchoring oritavancin in the membrane; oritavancin has been 
shown to inhibit the transglycosylation step of cell-wall biosynthesis. 2 - I3 - 66 - 121 

Drugs that Inhibit Enzymatic Polymerization and Attachment 
of New Peptidoglycan to Cell Wall ((3-Lactams) 

All (3-lactam antibiotics contain the highly reactive (3-lactam ring that binds to, and inactivates, 
various penicillin-binding proteins (PBPs), enzymes in the cytoplasmic membrane that catalyze 
various steps in the biosynthesis and reshaping of the cell wall peptidoglycan. 
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Penicillins and Cephalosporins. Penicillins and cephalosporins interfere with the terminal step 
in the cross-linking of peptidoglycan chains (i.e., transpeptidation of the N-terminus of the amino 
acid or peptide bridge from the pentapeptide onto the penultimate D-alanine of the pentapeptide 
chain, with release of the terminal D-alanine). It has been suggested that penicillin is a structural 
analog of a transition state of the D-alanyl-D-alanine terminus of the recipient peptidoglycan strand 
that is involved in transpeptidation. It thereby competes with the D-Ala-D-Ala bond in binding to 
the transpeptidase enzyme, compromising the formation of an acyl-enzyme intermediate with the 
penultimate D-alanine. The highly reactive CO-N bond of the (3-lactam ring acylates the transpep- 
tidase irreversibly, thereby inactivating it, so the cross-linking does not occur. Bacteria display in 
their cytoplasmic membrane a variety of penicillin-binding proteins (PBPs), which include other 
penicillin-sensitive enzymes in addition to the transpeptidases and D-alanine carboxypeptidases. 
The concept of multiple target sites for the actions of penicillins and cephalosporins is supported by 
the observations that various (3-lactam antibiotics produce differential effects on the processes of 
cell division, elongation, and lysis. Specific (3-lactam antibiotics bind different PBPs preferentially, 
and the differences in physiological and morphological effects of various (3-lactams correlate with 
the affinity of their binding to different PBPs. The lytic and killing actions of penicillins and other 
(3-lactams may not result directly from their inhibition of peptidoglycan synthesis, but may also 
involve the action of bacterial murein hydrolases. It has been observed that lipoteichoic acids, which 
inhibit these autolytic enzymes, are released from some bacteria upon treatment with penicillin in 
vitro. It has thus been postulated that the release of these endogenous inhibitors of murein hydrolase 
enzymes interferes with the regulation of these enzymes in the cell, so the unregulated hydrolases 
destroy the integrity of the cell wall and contribute to cell lysis and death. Modifications of the side 
chains of some penicillins and cephalosporins have permitted improved penetration through the 
porins in cell envelope structures, resulting in an enhanced antibacterial spectrum. 4 - 10 - 107 - 127 

Carbapenems: Imipenem, Meropenem, Ertapenem, and Faropenem. Carbapenems diffuse 
more readily through the outer membrane of most Gram-negative bacteria, in part because of their 
zwitterionic characteristics. Furthermore, in Pseudomonas aeruginosa, carbapenems enter more 
rapidly through pores formed by a specific porin, outer membrane protein D2, whose mutational 
loss or alteration produces carbapenem resistance. Carbapenems are also generally less readily 
inactivated by bacterial (3-lactamases than other (3-lactams. 4 - 116 - 133 

Imipenem inhibits bacterial cell wall synthesis by binding to and inactivating specific PBPs. In 
Escherichia coli imipenem inhibits the transpeptidase activities of PBP-1A, -IB, and -2, and the D- 
alanine carboxypeptidase activities of PBP-4 and PBP-5. It also inhibits the transglycosylase activ- 
ity of PBP-1A, and it is a weak inhibitor of the transpeptidase activity of PBP-3, in contrast to all 
other (3-lactams and other carbapenems that preferentially bind to PBP-1 and -3. Imipenem induces 
sphere formation with subsequent cell rupture, and it does not inhibit septum formation by the cells, 
thus reducing the amount of lipopolysaccharide liberated during bacteriolysis. For human use, imi- 
penem is administered in combination with cilastatin, an inhibitor of dehydropeptidase (DHP) I, an 
enzyme produced by the renal epithelial cells that hydrolyzes imipenem. 92 - 133 

Meropenem contains a C-methyl substituent, and thus is not susceptible to the renal DHP-I. 127 
Its bactericidal action is similar to that of imipenem, although various bacterial mechanisms of 
resistance may affect susceptibility to these two carbapenems differentially. 

Ertapenem binds most strongly to PBP-2 of Escherichia coli, then PBP-3, and it also has good 
affinity for PBP-1 A and -IB, achieving rapid bactericidal action without the prior filamentation that 
occurs with third-generation cephalosporins that bind primarily to PBP-3. 27 - 62 

Faropenem is a new, orally administered penem antibiotic that displays both bactericidal and 
(3-lactamase inhibitor effects and is less susceptible to the renal dipeptidase enzyme DHP-1 as 
compared with imipenem. It has preferential affinity for PBP-2 but also for PBP-1A, -IB, and 
-3. Faropenem exposure at concentrations below the minimum inhibitory concentration (MIC) for 
Staphylococcus aureus affected septum formation with a decrease in the number of viable cells at 
increasing antibiotic concentrations; exposure to concentrations equivalent to the MIC and above 
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produces cell lysis. A similar effect is observed in E. coli , with changes in cell shape at concentra- 
tions below the MIC and cell lysis at or above the MIC. 27, 40 

Monobactams: Aztreonam. The binding of aztreonam to PBP-3 of Gram-negative aerobic 
organisms results in the formation of nonviable filamentous structures. Its bactericidal activity is 
limited to aerobic Gram-negative bacteria because it does not bind to PBPs in Gram-positive aero- 
bic bacteria or in anaerobic bacteria. 110 - 111 

Interference with Cytoplasmic Membrane Integrity 
Drugs that Disorganize the Cytoplasmic Membrane 

Polymyxins: Polymyxin B and Colistin (Polymyxin E). Polymyxin B is regarded as a model 
compound of polymyxins, which are polypeptides, and colistin (polymyxin E) is believed to have 
an identical mechanism of action. 

Polymyxin B initiates disorganization of the cytoplasmic membrane and causes release of 
lipopolysaccharide and leakage of intracellular components, with an extremely rapid bactericidal 
effect. This effect is initiated by electrostatic interaction of polymyxin with the outer membrane 
of Gram-negative bacteria and competitive displacement of covalent cations (calcium and magne- 
sium) that normally stabilize lipopolysaccharide molecules in the outer leaflet of the bacterial outer 
membrane. As a result of studies with liposome systems, it has been postulated that the mechanism 
of action of polymyxin involves an ionic interaction between the phospholipid phosphate and the 
ammonium group of polymyxin. Simultaneous proton transfers between these two groups, and 
also between an ammonium group on the phospholipid and a y-amino group on polymyxin, result 
in neutralization of charge on the polar head of the phospholipid, which can alter the electrostatic 
and hydrophobic stabilizing forces of the membrane. Liposomes derived from methylated phospho- 
lipids are not sensitive to polymyxin; possible explanations are prevention of proper alignment of 
the phospholipid and antibiotic by the methyl groups, or an increase in the basicity of the phospho- 
lipid amino group, which would make proton transfer less favored. A unique and very beneficial 
property of colistin is its anti-endotoxin activity, resulting from its ability to neutralize bacterial 
lipopolysaccharides. 23, 34 - 35, 46 - 59 - 63 

Drugs that Produce Pores in Membranes 

Lipopeptides: Daptomycin. Lipopeptides are a class of antibiotics that are active against multidrug- 
resistant Gram-positive bacteria. Lipopeptides consist of a linear or cyclic peptide sequence, with either 
net positive or negative charge, to which a fatty acid moiety is covalently attached to its N-terminus. 

Daptomycin is a cyclic lipopeptide with rapid bactericidal action that results from its binding to 
the cytoplasmic membrane in a calcium-dependent manner. The acyl chain of the daptomycin mol- 
ecule partly inserts into the membrane. In the presence of Ca 2+ , which bridges between the anionic 
daptomycin and the anionic headgroups of bacterial outer leaflet lipids, the daptomycin molecule is 
anchored deeper into the membrane and forms aggregates. Subsequently, the bacterial membrane is 
depolarized and perforated and cell death ensues; thus, daptomycin is rapidly bactericidal. 105 

Peptide Antibiotics: Gramicidin A and Gramicidin S. Gramicidin A is a linear pentadecapep- 
tide with an alternating D- and L-amino acid structural sequence, which is active in a dimer form. 
In membranes, gramicidin A forms transient channels specific for monovalent cations. 31 - 117 - 119 - 126 

Gramicidin S is a cyclic decapeptide that interacts electrostatically with the membrane phospho- 
lipids, without incorporating into the lipid region of the membrane. It achieves its bactericidal action 
by promoting leakage of cytoplasmic solutes; it may also cause uncoupling of oxidative phosphory- 
lation as a secondary effect. The interaction of this peptide with the phospholipid bilayer is non-spe- 
cific; and in addition to the antimicrobial activity, it exhibits highly hemolytic activity by interacting 
with the lipid bilayer of erythrocytes, limiting its clinical use to topical preparations. 80, 88 




